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Abstract 
Biomechanical Evaluation of the Intact, Injured and Surgically Reconstructed  
Ulnar Collateral Ligament of the Elbow Joint 
John H. Thinnes Jr. 
Dr. Sorin Siegler 
 
 
 
 
The ulnar collateral ligament (UCL) of the elbow is a major passive stabilizer against 
valgus moments and is a frequent site of injury for the professional throwing athlete.  Due to the 
importance of the UCL in elbow stabilization, many clinical and biomechanical studies were 
conducted in the past to understand its role; however, no study has evaluated the stabilizing 
function of the UCL when subjected to a pure valgus-varus moment at varying degrees of flexion.  
In addition, few comparative studies have been done on the biomechanics of common tendon 
graft reconstructions.  The aim of this study was to evaluate the stabilizing function of the native 
and reconstructed UCL with the following specific goals for each:  i) determine the valgus 
stability of the elbow as a function of flexion angle;   ii) quantify the kinematic coupling between 
forearm rotation and valgus displacement;   iii) determine the UCL/tendon graft elongation when 
subjected to a valgus displacement at varying degrees of flexion;  iv) determine the ultimate 
strength of the UCL/tendon graft and its length at the instance of failure. 
Testing was conducted on six pairs of cadaveric elbows. A four degree of freedom 
loading device was used to assess the load–displacement characteristics of the native and 
reconstructed medial ligamentous complex while an opto-electrical kinematic tracking system 
recorded the motion of the origin and insertion points of the UCL/tendon graft reconstruction.  
For each elbow, a series of tests was conducted at 30º, 60º, 90º, and 110º of flexion.  Data from 
five loading/unloading cycles were collected. The UCL of each elbow was then loaded to failure 
at 80º. The medial ligamentous complex was then reconstructed with either the Jobe or Docking 
technique, using the palmaris longus tendon.  Once reconstructed, the aforementioned series of 
tests was repeated, followed by loading the tendon graft to failure.  
 xvi 
The passive flexibility of the elbow was found to decrease with elbow flexion. The UCL 
initial length increased with increasing flexion angle, however in contrast, UCL percent 
elongation at maximum valgus load decreased with increasing flexion angle. The native UCL and 
both reconstruction procedures showed a decrease in valgus flexibility as flexion increased from 
30º to 90º. Both reconstruction methods failed at a lower moment than the native UCL. 
  The results of this study indicate that native UCL flexibility decreases with elbow flexion 
and the coupling effect of forearm rotation and valgus displacement is greater at 30º compared to 
110º.  Therefore, and in agreement with other studies, the UCL is not truly isometric.  In addition, 
since the flexibility decreases with elbow flexion, this suggests that securing the graft during 
elbow reconstruction should be performed at 90º rather than 30º. 
The Jobe and Docking reconstructions are not as strong as the native UCL. Both 
reconstructions were more flexible than the native ligament at 30º, while flexibility at 90º equals 
the intact UCL. This may explain the clinical success of UCL reconstructions since elbow flexion 
occurs at 80º-90º during a pitch. 
 
 1 
CHAPTER 1:  BACKGROUND 
 
 
1.1 Statement of Purpose 
The purpose of this research study is to quantify the passive valgus stabilizing 
function of the ulnar collateral ligament (UCL) of the elbow and to compare two common 
tendon reconstruction techniques capabilities in restoring the UCL stabilizing effect. 
In order to accomplish this study the following specific goals were defined:   
i) Determine the valgus stability of the native and reconstructed elbow as a function 
of flexion angle. 
ii) Quantify the kinematic coupling of the native and reconstructed elbow between 
forearm rotation and valgus displacement. 
iii)  Determine the native UCL and tendon reconstructions elongations when 
subjected to a valgus displacement at varying degrees of flexion. 
iv) Determine the ultimate strength of the native UCL and tendon reconstructions 
and their lengths at the instance of failure. 
The results of this study will serve to assist in the understanding of the contribution of the 
UCL to elbow stability and give insight into which of two reconstruction techniques is more 
effective in replacing the UCL stabilizing function. 
 
 
 
 
 
 
 
 
 
 
 
 
 2 
1.2 Clinical Significance  
The proposed research study consists of two sub-studies:  a biomechanical evaluation 
of the stabilizing function of the UCL and a quantitative evaluation of two reconstructive 
techniques of the UCL.  The overall study was designed such that the comparison between 
the reconstructive techniques is based on the findings of the stabilizing function of the UCL; 
however, both sub-studies have their unique clinical implications. 
Many clinical and biomechanical studies have been conducted in the past to quantify 
and understand the role of the UCL in elbow stability.[1-17]  The present study differs from 
previous research in the mechanical design of the testing apparatus and the testing 
methodology.  The results obtained from this study will assist in the overall understanding of 
the biomechanics of elbow joint stability.  Ultimately, the results have the potential to aid in 
the improvement of total elbow arthoplasties, give insight to better management of elbow 
injuries, and lead to improved designs of prosthetic devices.[7, 18, 19] 
Two surgical reconstruction techniques are used to treat a torn UCL in a throwing 
athlete.[20-23] The original Jobe technique has been performed for the past two decades.[20]  
More recently, an adaptation of the Jobe procedure, the Docking technique, was created.  The 
newer technique offers the following improvements: 1) elimination of the difficult passage of 
graft through the humeral tunnel;  2) replacement of soft-tissue to soft-tissue repair with a 
direct suture tie;  3) minimization of the number of humeral bone tunnels.[20]  This study will 
biomechanically compare the two reconstructive techniques to the native UCL.  The results 
will give clinicians an understanding of the degree of similarity between the native UCL and 
each of the reconstruction techniques. 
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1.3 Anatomy of the Elbow 
 
1.3.1 Topical Overview 
The following sections will familiarize the reader with the anatomy, biomechanics, 
and functionality of the elbow joint.  This section begins by defining the skeletal constituents 
of the elbow joint and is followed by a explanation of the articulating surfaces.  The 
subsequent sections are reserved for discussions on the ligamentous structures of the elbow 
and the biomechanical nature of the elbow joint.  In the final section the ulnar collateral 
ligamentous complex is examined in more detail, looking at its role in valgus elbow stability. 
 
1.3.2 Functional Anatomy of Human Elbow 
Normal human elbow motion is responsible for positioning the upper extremity in 
space.[24]  To achieve this motion, the elbow joint consists of three bones and two 
articulations.[25]  Stability is provided by the surrounding synovial capsule and strengthened 
by all encompassing capsular ligaments.[26] 
 
1.3.2.1 Skeletal Constitue nts of the Elbow Joint  
The elbow joint consists of three bones—humerus, ulna, and radius.  The radius 
rotates about a relatively stationary ulna to provide the hand with supination-pronation 
motion.  When looking at the elbow joint, the two bones, for the most part, are viewed as a 
one.  The distal humerus, providing the upper extremity with simple height and length 
adjustments, connects with the proximal ulna-radius to form the elbow joint.  Each bone has 
distinctive osseous congruencies that serve as articulating surfaces and ligament origin and 
insertion sites.   
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The distal humerus (figure 1-a) is characterized by its medial and lateral epicondyles 
that terminate distally and are connected by the capitulum and trochlea.[24]  The capitulum and 
trochlea are separated by a groove and articulate with the radial head and trochlear notch, 
respectively.[25] 
A: 
    
 
B: 
     
 
Figure 1:  Osseous congruencies of elbow joint 
(A) anterior aspect (B) posterior aspect 
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The proximal ulna (figures 1-a and b) consists of the easily identifiable beak-like 
olecranon.[25]  Opposite the olecranon is the coronoid process that is connected by the 
articulating trochlear notch.  Inferior-lateral to the trochlear notch is the radial notch that 
accepts the lateral side of the radial head for radioulnar articulation.  The coronoid process is 
marked distally by the tuberosity of the ulna.  On the lateral side of the ulna and distal to the 
trochlear notch is the depressed supinator crest (figure 2) that consists of a tuberosity that 
serves as a ligament insertion site.[25] 
The proximal radius (figure 2) consists of a discoid head that articulates laterally with 
the ulnar radial notch and proximally with the humeral capitulum.  Distal to the head is the 
radial neck that contains a tuberosity on the medial side. 
 
 
 
 
 
 
Figure 2:  Osseous congruencies of ulna-radius—anterior and lateral aspects. 
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1.3.2.2 Articulations of Elbow Joint 
The elbow consists of three articulations—humeroulnar, humeroradial, and proximal 
radioulnar; however, elbow joint motion primarily involves the first two (figure 3). 
 
 
 
 
Figure 3:  Identification of the connecting articulating surfaces of the bone 
constituents of the elbow joint. 
 
 
 
The humeroulnar articulation occurs between the conical trochlea of the humerus and 
the trochlear notch of the ulna’s olecranon (figures 4-a & b).[25]  This articulation is the 
primary bony stabilizer of the elbow[17] and though the articulation appears to have one 
degree of freedom, it actually offers small amounts of internal and external rotation at 
maximum degrees of flexion and extension.[27]   
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The humeroradial articulation is between the capitulum of the humerus and the radial 
head[25] (figures 4-a & b) and assists in valgus stability.[17]  The articulation facilitates two 
motions: flexion/extension around the coronal axis, and rotation pivoting around a 
longitudinal axis in conjunction with the movements of the proximal radioulnar joint.[27] 
 
 
A: 
 
B: 
 
 
Figure 4:  Articulating surface (traced by black lines) of the (A) humerus and (B) ulna and radius of the 
elbow joint. 
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1.3.2.3 Ligaments of Elbow Joint 
The articular surfaces of the elbow are enclosed within a joint capsule strengthened 
by four ligamentous complexes—medial, lateral, anterior, and posterior (figure 5).[26]  In 
addition, there exists a ligamentous ring that encircles the radial head known as the annular 
ligament.  The medial and lateral complexes withstand valgus and varus forces, respectively, 
whereas the remaining two complexes play less of a functional role in joint stability. 
 
 
 
 
 
Figure 5:  Capsular ligaments of right elbow complex (a) anterior aspect (b) posterior aspect (c) medial 
aspect (d) lateral aspect  [26] 
 
 
The ulnar ligamentous complex, or UCL, consists of three distinct parts:  anterior, 
posterior, and transverse bundle (figure 6).  The anterior bundle originates from the medial 
epicondyle [16] and inserts into the medial aspect of the coronoid process of the ulna[17]  and is 
the mainstay of valgus elbow stability.[12]  The posterior bundle  plays a lesser role in valgus 
stability and is a fan-like structure that originates from the medial epicondyle and inserts into 
the medial posterior aspect of the olecranon.[17]  The transverse band originates and inserts on 
the ulna[5] and provides little, if any, functional support to the medial aspect of the elbow. [16] 
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Figure 6:  The anterior bundle, posterior band, and transverse 
ligament of the medial ligamentous complex of the elbow.        
{Image from [28] with identifications added by author} 
 
 
The lateral ligamentous complex consists of three components:  lateral ulnar 
collateral ligament, radial collateral ligament, and the accessory lateral collateral ligament 
(figure 7).  The lateral ulnar collateral ligament (LUCL) is the primary lateral stabilizer and 
originates on the lateral epicondyle inserting on the superior crest of the ulna.[29]  The fan-
shaped radial collateral ligament (RCL) originates from the lateral epicondyle and coalesces 
with the annular ligament.[29]  Functionally, the RCL assists in stabilizing the humeroulnar 
articulation.[27]  The accessory lateral collateral ligament inserts into the tubercle of the 
supinator crest originating inferiorly from the annular ligament to which it assists in varus 
stabilization.[27]  Often grouped with the lateral ligamentous complex is the annular ligament 
that originates and inserts anteriorly and posterior ly to the ulnar radial notch.[27]  The annular 
ligament provides radial head stabilization throughout the pronation-supination motion.[29] 
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The anterior and posterior ligamentous complexes play a lesser role in elbow 
stabilization.  The anterior complex consists of the medial and lateral oblique ligaments and 
the posterior complex consists of the medial and lateral oblique ligaments and a transverse 
ligament. 
 
 
 
 
 
 
 
Figure 7:   The lateral ulnar collateral ligament, radial collateral 
ligament, and the accessory lateral collateral ligament of the lateral 
ligamentous complex of the elbow and the annular ligament.         
{Image from [28] with identifications added by author} 
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1.3.2.4 Biomechanics of the Elbow Joint 
The biomechanical parameters of the elbow joint are typically defined by its motion, 
stability, and strength.[11]  Since the focus of this study is on medial elbow stability, the 
following section is reserved to discuss this topic with certain detail, whereas the current 
section will concentrate on the motion of the elbow joint. 
Three-dimensional motion of the human elbow is defined by three axes along the 
humerus, forearm, and the flexion/extension axis of rotation.  The humeral axis (figure 8-a) 
runs through the articulating surfaces of the trochlea and humeral head.[11]  Valgus and varus 
rotation occur around this axis.  The ulna-radial axis (figure 8-b) facilitates the pronating and 
supinating motions of the forearm.  
 
Anterior aspect left arm Anterior aspect left arm
Ulna
Articulating 
surfaces of elbow 
joint
Humeral Axis of 
Rotation
A:
Radius
B:
Forearm Axis of 
Rotation
 
 
Figure 8:  Axes of center of rotation of the elbow joint for (A) humerus 
and (B) ulna-radius. 
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The longitudinal rotational axis passes through the center of the radial head and the 
distal ulnar articular surface.[30]  The axis of flexion and extension passes through the center 
of the concentric arcs outlined by the trochlea and capitellum bisecting the humeral and 
ulnar-radial axes (figure 9).[31]  The axis of rotation is not coincidental with the line through 
the epicondyles and variations of 3-8 degrees between the two lines have been shown in 
cadaveric studies (figure 10).[11] 
 
 
 
 
Ulna
Forearm axis 
of rotation
pronation / supination
Humerus
flexion / extension
Radius
Axis of
flexion / extension
valgus / varus rotation
Humeral axis
of rotation
 
 
Figure 9:  Anatomic coordinate system of elbow depicting center of humeral 
rotation, center of ulnar-radial rotation, and center of flexion-extension 
rotation. 
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Figure 10:  Depiction of the 3º-8º variation between the axis of 
flexion and extension passing through the center of the 
concentric arcs outlined by the trochlea and capitellum and the 
axis passing through the epicondyles. 
 
 
 
 
The elbow is considered to be a hinge joint; however, studies have shown that the 
elbow does not function as a simple hinge since the instant center of rotation does not remain 
constant throughout the flexion/extension motion.[11, 31, 32]  The instant center of rotation 
varies 2 to 3 mm from the axis of flexion and extension as the ulna flexes about the humerus. 
The elbow’s deviation from a pure hinge joint is in part due to the fact that the 
trochlea extends farther distally than the capitulum.[30]  As a result, when the elbow is fully 
extended the humeral and ulna-radial axes do not remain collinear and a carrying angle exists 
(figures 11-a & b).[12, 30, 31]  The carrying angle is reported to be approximately 10-15 degrees 
from the humeral axis rotating about the intersection of the three axis of the elbow joint.[12]  
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A:     
   
 
B: 
 
 
Figure 11:  Carrying angle of the elbow, formed by the axes of rotation of the humerus and ulna-
radius.  (A) From left to right, elbow extending from 100º flexion to full extension.  (B) Anterior 
view of elbow fully extended with lines representing humeral and ulnar-radial axes of rotation. 
 
 
The typical range of motion of the elbow joint exceeds the requirements for most 
activities of daily living.[30] Elbow flexion ranges from 0°, or full extension, to 120°-140° in 
flexion.[30]  Forearm rotation averages about 75° in pronation and 85° in supination.[12]  Since 
the elbow joint is not viewed to offer natural valgus and varus rotation, no known literature 
discusses the valgus/varus range of motion.   
The elbow joint complex is one of the most stable joints of the human body[12] in part 
due to the interlocking configuration of the olecranon of the humerus and the trochlear fossa 
of the ulna.[17, 30]  At full extension, the tip of the olecranon inserts into the olecranon fossa 
(figure 12-a).[25]  In a similar fashion, during full flexion the radial head inserts into the 
humeral radial fossa and the ulnar coronoid process enters the humeral coronoid fossa (figure 
12-b).[25]  In between these two maxima, passive elbow stability is provided by the bony 
articulations and ligamentous structures of the elbow; however, the major stabilizing 
component is the UCL.[16, 18] 
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A: 
 
B: 
 
 
Figure 12:  Depiction of bony stabilizers at full extension and full flexion.  (A) Olecranon tip 
inserting into olecranon fossa at full extension.  (B) Radial head and ulnar coronoid process 
inserting into humeral radial head and coronoid fossae at full flexion. 
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1.3.3 The Functionality of the Ulnar Collateral Ligament 
The functionality of the UCL complex is best quantified by looking at the function of 
the individual ligaments.  The transverse segment of the UCL, originating and inserting on 
the ulna, is often indistinguishable from the capsule and contributes little, if any, to elbow 
stability.[5, 10, 33]  Similarity, the fan-shaped posterior bundle is poorly identified unless the 
elbow is flexed to 90° [10] and contributes little to medial stability.[5, 7, 12, 17]   The anterior 
bundle is the most well defined ligament of the complex[10] and gives restraint to valgus and 
internal rotatory loads (figure 13).[5, 7, 9, 10, 17, 33]  Compromising this structure results in gross 
instability.[5, 7]  Since the anterior bundle plays such an important role in elbow stability, 
distinct bands have been identified and their function in elbow flexion have been examined.[3] 
 
 
 
 
 
Medial aspect of right arm 
 
Figure 13:  The well-defined anterior band of the 
ulnar collateral ligament complex (forceps 
identify the anterior band). 
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The anterior bundle of the UCL is traditionally divided into anterior and posterior 
fiber bands.[3-5, 12, 17, 18, 34]  The anterior band is the primary constraint to a valgus load from 
full extension to half flexion.[3] At greater degrees of flexion (~110°) the anterior band acts as 
a co-primary restraint with the posterior band.[3] More recently Fuss[6] has suggested that the 
anterior bundle of the UCL contains three bands—anterior, posterior and an intermediate 
guiding band.  The anterior band is taut in full extension and the posterior band is taut 
between mid- and full flexion while the intermediate band is always taut, serving as a guide 
throughout flexion. 
 
1.4 Role of Ulnar Collateral Ligament in Throwing Activities 
The elbow facilitates complex and often strenuous functions of the forearm, wrist, 
and hand in athletic activities[35] and as a result the medial aspect is subjected to large valgus 
moments.[36]  One of the more strenuous activities is the act of throwing.[37] Specifically, 
pitching is one of the most demanding motions on the elbow[38] and accounts for 97% of 
complaints from pitchers.[39] 
The UCL is the major passive stabilizer against valgus moments[7, 9, 12, 14, 16, 17] and 
therefore plays a major role in stabilizing the elbow during a pitch.  Between the late cocking 
and early acceleration phases of pitching, the elbow withstands valgus moments as high as 
120 Nm.[36, 38, 40-43]  and speeds estimated at 3000 degrees/second.[20, 38]   Dillman et al have 
estimated that a fastball pitch by an elite pitcher subjects the UCL to forces near its tensile 
strength.[44] 
Cadaveric research has shown that the UCL fails when a valgus moment of 
approximately 20 Nm is applied[7, 45]  To compensate for the remaining load during the 
throwing motion, certain muscles of the upper extremity act as dynamic stabilizers.  
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Particularly, EMG activity was shown in the biceps, triceps, wrist flexors and extensors, and 
anconeus muscles during a pitch.[40]   
The act of repetitive pitching can subject the elbow to excessive loads and as a result, 
microtearing or an acute rupture may occur in the UCL.[21, 46]  In the event of an injury, a 
patient is treated conservatively; however, if no improvement is seen for three months, 
surgical treatment is pursued to reestablish valgus stability of the elbow.[22, 42, 43] 
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1.5 Review of Tendon Reconstructions  
The following section describes the two surgical procedures being investigated in this 
research study and begins with a historical perspective of UCL tendon reconstructive 
surgeries.    
 
1.5.1 Historical Overview 
Jobe et al popularized the original surgical reconstructive technique in 1974.[21, 22]  
The Jobe technique, as it is commonly called, consisted of an autologous tendon graft placed 
in bone tunnels in the humerus and ulna.  One difficulty of the technique is that it requires 
mandatory transposition of the ulnar nerve.[22] Results from a eight year study (1974-1982) 
involving 16 throwing athletes indicated that 68% of the athletes returned to the previous 
level of play while there was 31.25% chance of complication associated to the ulnar nerve. [20, 
22]  In response to these results, Jobe and colleagues, in 2000, published a modified version of 
the Jobe technique that removed the obligatory transposition of the ulnar nerve.[21]  In a 4 
year study, 100% of the athletes (1992-1996, n=83) were able to return to their sport.[21]    
In 1992, Altchek et al began studying alternative methods for UCL reconstruction in 
response to the high rate of complication in the original Jobe procedure.[20]  The first outcome 
was a new method to expose the UCL without transposition of the ulnar nerve. [23]  To further 
increase the success rate, Altchek et al began performing UCL reconstructions by replacing 
the bone tunnels with a suture anchor method; however, this technique was abandoned due to 
a 30% incidence of poor results.[20, 47]   In 1996, Altchek et al created an adaptation of the 
Jobe technique known as the Docking technique.  In a 4-year study (1996-2000, n=40), 95% 
of the athletes undergoing this procedure that had a 2-year follow up returned to their 
previous level of competition.[20] 
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1.5.2 Docking Procedure  
The procedure described in the following is based on descriptions reported by 
Altchek and colleagues[20]  and was modified slightly for this study.   
The ipsilateral palmaris longus tendon is harvested from the forearm and a #2 braided 
non-absorbable suture is placed in a Krackow fashion in one end (figure 14-a).  The graft is 
kept moist with 0.9% sodium chloride solution and set aside.  The origin and attachments 
sites of the disrupted UCL are identified.  The upper border of the epicondyle is exposed and 
a hole is drilled to a depth of 15 mm using a 4.5 mm drill.  Using a 2.0 mm drill, two small 
counter tunnels separated by 5-10 mm are drilled until interception of the first hole occurs 
(figure 14-b).  Next, a single 3.5 mm hole is drilled superiorly in the ulna such that the bony 
bridge corresponds with the attachment site of the UCL (figure 14-b).   
The graft is passed through the ulnar tunnel and the limb with the attached suture is 
inserted into the large humeral tunnel.  The suture is passed through one of the two small 
superior tunnels (figure 14-c).  With the first limb of the graft properly docked into the 
humerus, the free end is measured such that it fits into the larger humeral tunnel.  The excess 
tendon is cut and a #2 braided non-absorbable suture is placed in a Krackow fashion (figure 
14-d).  This end is then docked into the large humeral tunnel and the suture is passed through 
the vacant smaller superior tunnel.  The graft is tensioned and the two sutures are tied over 
the bony bridge on the humeral epicondyle (figures 14-e and f). 
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(A)  Krackow braid in one end of tendon graft. (B)  Drilling of two 2.0 mm posterior holes 
and one anterior 4.5 hole in the humerus and 
one 3.5 mm hole in ulna.   
 
 
(C)  Passing of tendon graft through ulnar tunnel 
and insertion of braided end into humeral tunnel. 
(D)  Krackow braid in free end of tendon 
graft 
 
 
 
E)  Insertion of second end of tendon graft into 
humeral tunnel and tying of  suture. 
 
F)  Docking reconstruction of left elbow. 
 
 
Figure 14:  Procedural depiction of the Docking technique. 
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1.5.3 Jobe Procedure  
The procedure described in the following section is based on descriptions reported by 
Jobe and colleagues[21, 22] and was modified slightly for this study.   
The ipsilateral palmaris longus tendon is harvested from the forearm and kept moist 
with 0.9% sodium chloride solution.  The origin and attachment sites of the disrupted UCL 
are identified.  Two 4.5 mm holes are drilled in the epicondyle and joined to create a single 
humeral tunnel.  The first hole is drilled anteriorly at the site of the origin of the UCL and the 
second posteriorly at approximately a 30 degree angle from the first.  A third, 3.5 mm hole, is 
drilled in the posterior aspect of the epicondyle such that it is collinear with the first.  The 
drill site is deepened until it intersects the first hole resulting in a bifurcated tunnel (figure 15-
a).  A single 3.5 mm hole is drilled superiorly in the ulna such that the bony bridge 
corresponds with the attachment site of the UCL (figure 15-a).   
The graft is then passed through the bone tunnels in a figure eight fashion, tensioned, 
and sutured to itself in the area between the insertion and attachment sites of the original 
UCL (figures 15-b, c, d & e).  
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(A)  Drilling of two 3.5 mm posterior holes and 
one anterior 4.5 hole in the humerus and one 3.5 
mm hole in ulna.   
(B) Passing tendon graft through humeral 
tunnels and ulnar tunnel 
  
(C)  Passing of tendon graft through humeral 
tunnel. 
(D)  Tendon-to-tendon suture tie at ulnar tunnel, 
humeral tunnel, and in the mid-portion of the 
span of the tendon graft. 
 
 
                                               (E)  Jobe reconstruction of right elbow. 
 
Figure 15:  Procedural depiction of the Jobe technique. 
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1.6 Biomechanics of Intact Ulnar Collateral Ligament 
It is widely accepted that the UCL of the elbow is a major passive stabilizer against 
valgus moments.[7, 9, 12, 33]  Due to the importance of the UCL in elbow stabilization, many 
clinical and biomechanical studies were conducted in the past to quantify and understand its 
role.[1-17]  Due to the number of studies done on the biomechanics of the UCL, this section 
was sub-divided into four specific areas: valgus stability, kinematic coupling, ligament 
elongation, and ultimate moment. 
 
1.6.1 Valgus Stability 
In two consecutive studies, Morrey and An[9,12] quantified the ligamentous 
contributions of valgus elbow stability.  In the first study, the stiffness approach was used at 
0° and 90° degrees of flexion in which the elbow was displaced in valgus and the load require 
to maintain the position was recorded.  The second study utilized a reciprocal approach, the 
flexibility method, in which the elbow was subjected to the forearms weight and the valgus 
displacement was recorded.   
In three other studies[5, 33, 48], different portions of the UCL complex were transected 
and the elbow joint was loaded with a 1.5 Nm valgus load.  The recorded data consisted of 
movement curves of valgus rotation as a function of flexion angle.   
Werner et al[40] have shown that during the pitching motion the elbow can withstand 
moments as high as 120 Nm; however, no studies to our knowledge have applied valgus-
varus loads larger than 2 Nm without loading the elbow joint to failure.  One goal of this 
study is to evaluate the stabilizing function of the intact UCL by subjecting the elbow to 
realistic  loads.  As a result, flexibility values [deg/Nm] can be calculated and used to describe 
the passive stability of the elbow for varying degrees of flexion.   
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1.6.2 Kinematic Coupling 
One relevant study developed a relationship of valgus rotation as a function of 
forearm rotation.  Realizing that most of the research looking at the mechanics of the elbow 
joint where done by locking the forearm in a constant position[7, 12, 33, 49], Pomianowski et al 
were interested to find if the position of the forearm had an effect on valgus laxity.  They 
concluded that valgus/varus laxity of the elbow is supination/pronation dependent and that 
this relationship should be considered in future studies that look at elbow stability.[15] 
The proposed research project considers the findings of Pomianowski et al by 
allowing forearm rotation to occur when subjecting the elbow to a valgus/varus load.  In 
addition, the present research study takes a reverse and comprehensive approach by looking 
at forearm rotation as a function of valgus displacement at varying degrees of flexion. 
 
1.6.3 Ligament Elongation 
In the first study of its kind, Morrey and An calculated the length of the anterior and 
posterior portions of the UCL complex.  Due to the novelty of the study, ligamentous change 
in length at varying degrees of flexion or the ligamentous elongation as a function of valgus 
rotation was not calculated.  [10]   
Subsequent anatomical studies found that the anterior and posterior bundle s consist 
of fiber bands that function in unique ways.  As such, Ochi et al looked at three bands of the 
anterior portion and two bands of the posterior portion and found the relationship of ligament 
elongation as a function of flexion.[14]  A shortcoming to the non-dynamical experimental 
apparatus was that is was simplistic in design, measuring the lengths of the ligament 
manually on a monitor. 
A study done by Pribyl et al, calculated the static strain of the UCL when subjected to 
four different weight increments at varying degrees of flexion.  The study took baseline 
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readings at 10° of flexion and found that strain increased with increasing flexion angle for 
both the anterior and posterior bundles.  In addition, with increasing weight, the strain at 
individual flexion angles was consistently higher. 
In the proposed study the elongation of the three fiber bands of the anterior bundle 
will be calculated at varying degrees of flexion both statically and dynamically.  During the 
dynamic testing, the elbow specimens will be displaced with realistic valgus loads.   
 
1.6.4 Ultimate Moment 
 The first known study calculating the ultimate strength of the UCL was done by 
Reagan et al.[18] The testing method consisted of uni-axially loading the isolated anterior and 
posterior bundles of the UCL complex (Anterior—260.9±71.3 N; Posterior—158.9±40.1 
N).[18]  This method was effective in identifying the stronger bundle of the UCL complex; 
however, the testing machine applied loads in an anatomically irrelevant way.  Subsequent 
studies, in fact, simulated realistic loading conditions by applying a force to the distal ulna-
radius while the humerus was held stationary and as such created a moment on the UCL 
complex.[45, 47, 50]  The studies showed the ultimate moment for the UCL complex to be 
approximately 20 Nm.   
The moment created in these three studies also created a constant shear force (figure 
16).  As a result, the elbow joint is subjected to a combination of loads—the intended 
moment and an unintended shear force.  One goal of this study was to evaluate the ultimate 
moment of the UCL by subjecting the elbow to realistic loads in a fashion such that the elbow 
will experience only a pure valgus-varus moment.  No known studies have quantified the 
ligament elongation at failure. 
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Figure 16:  Schematic representation of creation of 
shear force when uni-axial load is applied to distal 
ulna-radius. 
 
 
 
1.7 Biomechanics of Tendon Reconstructions  
Tendon reconstruction of the medial elbow is presently the most effective method in 
replacing the stabilizing function of the native ulnar collateral ligament; however, iatrogenic 
complications have been present since the adoption of the first surgery.  As a result, several 
different surgical reconstructive methods have been created in an attempt to decrease the 
chance of morbidity.  Three known studies have compared certain reconstructive surgeries 
with the native UCL. [45, 47, 50] 
Hechtman et al[47], performed a comparative study between two reconstructive 
methods—the Jobe technique and the suture anchor graft fixation method. The latter method 
initially produced a 30% incidence of poor results and was abandoned by the inventors.[20]  
The study however, was the first to identify the ultimate valgus moment of the native UCL 
elbow and the methodology became the basis for two subsequent studies.   
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In a following study done by Klepps et al[45], the Jobe and Docking techniques were 
compared.  In the study, the Jobe technique was performed as published by the inventor, 
whereas the Docking technique was modified to have an extra tendon strand in the 
reconstruction.  This modified Docking technique is an uncommon method of tendon 
reconstruction among surgeons. 
The last and most recent study was done by ElAttrache et al[50] and consisted of a 
comparison between the native UCL and the interference screw fixation method.  The new 
method is a major change from the former techniques of looping the tendon graft through 
drilled holes.  Due to its novelty, it is presently not the procedure of choice among surgeons. 
The method used in all three studies was the same.  The distal ulna-radius was loaded 
with a force provided by a servohydraulic machine while the humerus was secured.  As a 
result, a moment was produce about the elbow ligamentous complex.  This method produces 
an untended shear forces at the elbow joint that was not mentioned in any of the previous 
studies (figure 16).  Furthermore, with the exception of one study, comparisons were based 
on the difference between the ultimate moments of the native and reconstructed UCL. 
One goal of this study is to compare the two most common tendon reconstruction 
techniques for a UCL deficient elbow in an comprehensive and accurate manner.  To make an 
accurate assessment of the efficacy of the tendon reconstructions, numerous biomechanical 
parameters will be compared between the native and reconstructed UCL—valgus stability, 
kinematic coupling, ligament/tendon graft elongation, and ultimate moment.  In addition, to 
increase the accuracy of the study, a pure valgus moment will be applied to the elbow joint to 
removed the shearing action created by the application of uni-axial load. 
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1.8 Relevant Theory 
In order to accomplish the goals of this study, an underlying concept was utilized—
Grood and Suntay parameters.  The Grood and Suntay parameters are useful in quantifying 
motion between two rigid bodies and are discussed in the following section.  
 
1.8.1 Grood and Suntay Parameters  
In an attempt to describe joint kinematics in three dimensions, ES Grood and WJ 
Suntay developed a coordinate system to express motion between two bodies[51]  The system 
was originally intended for the knee complex; however, it has become popular in describing 
many joint motions.[52, 53]  The importance of the Grood and Suntay system is that it is able to 
describe large joint displacements independent of the order in which the component 
translations and rotations occur[51] 
Consider two bodies, A and B, as depicted in figure 17 with body fixed axes—e1 and 
e3.  These axes are embedded into the rigid bodies A and B and follow the respective bodies’ 
motion throughout space.  A third axis, F, is the common perpendicular to both body fixed 
axes.  It is considered the floating axis, e2, since it changes its location as the bodies and 
embedded axes move relative to one another. 
Points, PA and PB, are fixed at discrete locations on bodies A and B, respectively.  A 
vector, H, is determined as the difference between points PA and PB and as the magnitude of 
the vector changes, a projection in terms e1, e2, and e3 can be made.  The relative change in a 
given direction is the translation of the two bodies relative to each other.  In addition, as the 
bodies rotate about each other, the motions about the three axes—e1, e2, and e3—characterize 
the relative rotations.  The rotations about e1, e2, and e3 are denoted by a, b, and g, 
respectively. 
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The Grood and Suntay coordinate system will be used to evaluate the relative angles 
between the humerus and ulna-radius.  The concept will be applied to a unique apparatus that 
will be discussed in more detail in section 2.2.1. 
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Figure17:  Generalized three-dimensional Grood & Suntay joint coordinate system. [51] 
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CHAPTER 2:  EXPERIMENTAL PROCEDURES 
 
2.1 Overview 
Chapter 2 discusses the different aspects involved in performing the research study.  
The first section is reserved for a detailed explanation of the test equipment and is followed 
by a section discussing the specimen preparation.  The third section briefly describes the 
reconstructions performed during the study and is preceded by a section describing the testing 
methodology.  The last section is reserved for an explanation of the methods used to analyze 
the data obtained during testing 
 
 
2.2 Instrumentation 
In order to accomplish the desired research, two instruments were used during the 
testing and data collection:  1) Elbow Flexibility Tester, designed by John H. Thinnes Jr. with 
guidance from Dr. Sorin Siegler.  2) OPTOTRACK 3020, purchased from Northern Digital 
Incorporated, Waterloo, Ontario, Canada N2V1C5. 
Both pieces of equipment were located in the Biomechanics Laboratory at Drexel 
University during the time of testing—3141 Chestnut Street, Philadelphia PA 19103, Room 
179B in Alumni Engineering.  The following two subsections describe each instruments 
functionality and purpose in the research study. 
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2.2.1 Elbow Flexibility Tester 
One goal of this study was to apply a pure moment along the fixed humeral axis 
causing valgus-varus displacement of the forearm without constraining the supination-
pronation motion.  To achieve this, a four-degree-of-freedom instrumented linkage device 
was designed, which due to its unique non-serial structure can measure specific 
biomechanical parameters of the elbow complex directly in the joint’s anatomical 
coordinates.  This is done by applying the anatomical coordinate systems discussed in section 
1.3.2.4 to the mathematical concepts established by Grood & Suntay (section 1.8.1). 
In order to apply the Grood and Suntay parameters to the elbow joint, two body fixed 
axes and one floating axis are required.  The humerus and ulna-radius contain the body fixed 
axes denoted by e1 and e3, respectively, and the axis of flexion and extension is the floating 
axis, denoted by e2.  Using this system, valgus-varus rotations occur about the e1  axis, flexion-
extension motions about the e2 axis, and supination-pronation occur about the e3 axis.  In 
addition, two translating motions occur about the e1 and e3 axes.  Humeral translation, e1, is 
for alignment purposes only and remains in a fixed position when testing, while ulnar-radial 
translation, e3, is dynamic and prevents forearm compression during the flexion-extension 
motion.  All motions mentioned and the Grood and Suntay coordinate system applied to the 
elbow joint are depicted in figure 18.  Based on this coordinate system a four-degree of active 
freedom loading device was constructed. 
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a  -- Valgus/Varus Rotation
q3 -- Protrusion/Retrusionq1 -- Proximal/Distal Adjustments
e1 a
q1
Humerus
e2b
Ulna/Radius
e3
g
q3
b -- Flexion/Extension
g -- Suppination/Pronation
 
 
Figure 18:  Grood and Suntay anatomical coordinate system applied to the elbow joint with a 
depiction of the bending and translating axes. 
 
 
Simulations of the naturally occurring motions of the elbow joint when subjected to a 
pure valgus-varus moment were achieved by the design of an in vitro testing device—Elbow 
Flexibility Tester (EFT).  The four-degree of active freedom linkage device consists of three 
rotating and two translating joints (figure 19).  During the manual application of a pure 
valgus-varus moment to the elbow complex, the device’s translating and rotating joints 
eliminate any constrictions that may exist throughout the motion.   
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Figure 19:  The elbow linkage device (EFT) with the examiner using the torque applicator to apply a 
valgus-varus moment around the e1 axis.  
 
 
 
Along the e1 and e3 axes, angular potentiometers are fixed and record the valgus-
varus and supination-pronation rotation.  The e1 axis is instrumented with a locking 
mechanism that positions the elbow at 10º increments of flexion-extension, ranging from 0º 
to 110º of flexion.  Pure moments are manually applied along the e1 axis by a torque 
applicator instrumented with a sensor.  During testing, the analog signals from the 
potentiometers and torque applicator are converted into digital signals through a analog-to-
digital converter (ADC) and the data is acquired by computer A.  Table 1 lists the function, 
vendors, and model numbers of the components on the EFT. 
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Table 1:  Parts for the elbow linkage device including the function, vendor and model number. 
 
Part Function in elbow linkage device Vendor Model 
number 
Angular 
Potentiometer (2) 
Measures valgus-varus and pronation-
suppination angular displacements 
Vishay 
Intertechnology 
Inc. 
534 
Torque Sensor Measures valgus-varus moment 
applied to elbow complex 
Sensor 
Developments 
Inc. 
01134 
Analog-to-Digital 
Converter (ADC) 
board 
Converts potentiometer and torque 
sensor voltage signals into computer 
readable digital signals  
National 
Instruments Inc. 
DAQ Card -
500 
Data acquisition 
program 
Acquires real-time data during testing National 
Instruments Inc. 
LabVIEW 
5.0 
Computer A Runs data acquisition program and 
stores data 
Gateway Solo 9100 
 
 
2.2.2 Kinematic Tracking System 
One of the goals of this study was to accurately measure the dynamic change in 
length of the UCL when subjected to a valgus-varus moment at varying degrees of the 
flexion.  This was accomplished by using a three-dimensional motion analysis system that 
through a digitize function, can track specific points in space.  The digitized points are chosen 
such that they correspond with the origin and insertion sites of the UCL.  Displacement of the 
humeral and ulnar bones results in the displacement of associated digitized points, which—by 
bone-to-bone distance—records the elongation and contraction of the UCL.  In order to track 
the motion of distinct points on two separate bones, rigid bodies were created and defined in 
the motion analysis system. 
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The motion analysis system consists of three infrared light detecting cameras which 
track the three-dimensional position of infrared emitting diodes (IREDs).  Rigid bodies are 
created by attaching three non-collinear IREDs in a triangular fashion to a plate, or triad.  A 
1/8” diameter aluminum wire is attached to the triad and inserts into a mounting plate that is 
fasten to the humeral and ulnar bones with cortical bone screws (figure 20).  Through the 
arrangement of the IREDs, an orthonormal local coordinate system can be created and 
tracked in the motion analysis’s global coordinate system.  
 
 
 
 
Set Screw
Bone Screw
Mounting Plate
IRED
Bone
Fixation Rod
Triad
 
 
Figure 20:  Three non-collinear infrared emitting diodes (IREDs) attached to a 
triangular plate secured to the humeral and ulnar bones by mount plates fastened with 
cortical bone screws. 
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Since the rigid bodies are securely attached to the to the humeral and ulnar bones, 
each bone has its own local coordinate systems.  As a result, the digitized insertion and origin 
points are tracked relative to the local coordinate systems of each bone.  The distance 
between two corresponding origin-insertion points is actively measured in real time and 
acquired by the motion analysis system’s data acquisition program on computer B.  Table 2 
lists the function, vendor and model number of the components in the motion analysis 
system. 
 
 
Table 2:  Parts for the motion analysis system including the associated function, vendor and model 
number. 
 
Part Function in elbow linkage 
device 
Vendor Model number 
Motion analysis system Three camera system that tracks  
the three dimensional position of 
infrared emitting diodes in space 
Northern 
Digital Inc. 
Optotrack 3020 
Data acquisition program Acquires real-time data during 
testing 
Northern 
Digital Inc. 
NDI Toolbench 
v1.03 
Computer B Runs data acquisition program 
and stores data 
Dell Inc. Optiplex GX1-  
MMP 
 
 
During a test, the elbow complex is loaded with a pure valgus-varus moment the 
elbows angular motions are recorded on computer A while the origin-insertion points of the 
UCL is tracked by the motion analysis system and are recorded on computer B.  For data 
analysis purposes, both systems were synchronized in real time and acquired data at the same 
frequency.  The system in its entirety is depicted in figure 21. 
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Figure 21:  Entire instrumentation system used for the study.  Consis ts of the Elbow flexibility Tester  
(EFT) and motion analysis system with two computers acquiring simultaneous data from each 
instrument.  
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2.3 Specimen Preparation 
Twelve fresh-frozen non-pathological cadaveric arm specimens were obtained from 
six donors osteotomized at the proximal third of the humerus.  Table 3 lists the specimen age 
and gender.  Before testing could begin, all specimens were systematically prepared for 
compatibility with the testing instrumentation. 
 
 
Table 3:  Specimen age and gender. 
 
Cadaveric Specimen Gender Age 
1L 
1R 
Female 86 
2L 
2R 
Female 77 
3L 
3R 
Male 81 
4L 
4R 
Female 85 
5L 
5R 
Female 77 
6L 
6R 
Female 69 
 
 
The frozen specimens were kept at -20°C during storage and were thawed at 70°C, 
twelve hours before preparation.  The first step was to remove the palmaris longus tendon, 
wrap it in saline moistened gauze, and set it aside for the reconstruction procedure.  
Following this, soft tissue was removed from the osteotomized proximal humerus to the 
radiocarpal joint with the exception of the joint capsule and surrounding ligaments.  The 
distal ulnar-radius was then osteotomized 25-50 millimeters from the radiocarpal joint.  In 
order to attach the specimen to the test instrument, the proximal humerus and distal ulnar-
radius were secured to poly vinyl chloride (PVC) cylinders [diameter = 75.0 mm, height = 
65.0 mm].  The bones were arrange in the PVC cylinders such that each axes, defined in 
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section 1.3.2.4, was aligned with the center of the cylindrical sections.  Plaster of Paris was 
poured into the vacant area between the bone and cylinder rigidly connecting both.  The last 
step in preparing the specimen consisted of attaching mounting plates, discussed in section 
2.2.2, to the mid-portions of the ulna and humerus.  The plates were secured with two cortical 
bone screws on opposite ends. 
 
2.4 Reconstructive Surgeries 
The procedures of the reconstructive surgeries used in this study were discussed in 
sections 1.5.2 and 1.5.3.  For each cadaver, one elbow was reconstructed using the Jobe 
technique and the contralateral elbow using the Docking technique.  Table 4 matches the 
reconstructive surgery to the specimen. 
The reconstructive surgeries were performed by three Board certified orthopaedic 
sports medicine surgeons.  Michael G. Ciccotti, MD, co-advisor to this study and attending 
orthopaedic surgeon at Pennsylvania Hospital, Philadelphia, performed two surgeries of each 
technique.  During the surgeries, Chris Spagnuola, MD and Monish Ramani, MD, sports 
medicine fellows at Thomas Jefferson University, Philadelphia, observed the techniques.  The 
remaining surgeries were then performed by Drs. Spaguola and Ramani.  Table 4 matches the 
administering surgeon to the specimen and surgery. 
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Table 4:  List of specimens detailing the surgery performed and administering surgeon. 
 
Cadaveric 
Specimen 
Reconstructive Surgeries Administering 
Surgeon 
1L Docking Technique Dr. Ciccotti 
1R Jobe Technique Dr. Ciccotti 
2L Jobe Technique Dr. Spagnuola 
2R Docking Technique Dr. Spagnuola 
3L Docking Technique Dr. Spagnuola 
3R Jobe Technique Dr. Spagnuola 
4L Jobe Technique Dr. Ciccotti 
4R Docking Technique Dr. Ciccotti 
5L Docking Technique Dr. Ramani 
5R Jobe Technique Dr. Ramani 
6L Docking Technique Dr. Ramani 
6R Jobe Technique Dr. Ramani 
 
 
 
2.5 Testing Methodology 
This study evaluates the biomechanics of an intact UCL, then reproduces a serious 
elbow injury—complete rupture of the medial ligamentous complex, and concludes by 
reconstructing and subsequently re-evaluating the biomechanics of the UCL tendon 
replacement.  Due to the various steps, a test methodology was adapted and adhered to 
throughout the study.  All tests began with the positioning and instrumentation of a specimen 
in the testing device.  A complete test consisted of one elbow specimen and contained four 
phases:  intact testing, intact load-to-failure, reconstruction testing, and reconstruction load-
to-failure. 
Following the preparation of a specimen, discussed in section 5.3, its positioning and 
instrumentation in the test device occurred.  Specimens were mounted in the EFT with the 
center of the PVC cylindrical sections collinear with the devices coordinate system.  As such, 
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the humerus, previously aligned with the PVC section, was aligned with the e1 axis of the 
EFT.  Similarly, the ulna-radius was aligned with the e3 axis of the EFT.  Adjusting the 
translating linkage along the e1 axis, the medial and lateral epicondyles were aligned with the 
EFT’s e2 axis.  Prior to specimen alignment, the triads, mentioned in section 2.2.2, were 
inserted into the mounting plates on the humerus and ulna and arranged such that the IRED 
markers were in plain sight of the tracking system’s cameras.  In order to track the motion of 
the medial ligamentous complex, it was required to program the tracking system to recognize 
selected points on the UCL—this was done with the system software’s digitize function. 
Digitization of the UCL was done such that anterior, intermediate, and posterior 
fiber’s lengths of the anterior bundle were measure actively throughout testing.  As such, the 
anterior, intermediate, and posterior origin and insertion points were digitized at 90º of 
flexion.  The motion analysis system tracked and calculated the distance between the origin 
and insertion points of each fiber band.  Figures 22-a, b, and c display the digitization points 
and a representation of the fiber lengths. 
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Figure 22:  (A) Digitized points on the origin site of Anterior 
bundle of UCL.  (B) Digitized points on the insertion site of 
Anterior bundle of UCL.  (C) Representation of measured 
length between origin and insertion points of intact UCL. 
 
 
 
The first phase of testing consisted of four flexibility tests of the elbow complex at 
90º, 110º, 30º, and 60º of flexion.  Each flexibility test consisted of five valgus loading-varus 
unloading cycles.  For each test, a manual torque was applied along the e1 axis, displacing the 
elbow complex in valgus while  allowing supination-pronation motions to occur.  During the 
test, overall flexibility, torque curves, elbow coupling, and ligament elongation data were 
recorded and stored on two computers. 
The second phase of testing consisted of loading the elbow joint to failure at 80º of 
flexion.  The specimens were cyclically loaded and unload in valgus-varus four times.  
During a fifth valgus load, a manually increasing moment was applied to the elbow complex 
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until the UCL ruptured.  The ultimate moment and valgus ROM and ligament length at 
instant of failure were recorded on two computers. 
 Following complete rupture of the medial ligamentous complex, tendon 
reconstructions were performed using either the Jobe or Docking techniques.  
Reconstructions were performed while the specimen remained positioned in the testing 
device and special care was taken not to disrupt the triads.   
 In order to more accurately compare the biomechanics of the tendon 
reconstructions with the native UCL, the tendon was sectioned into anterior, intermediate, 
and posterior lengths that were tracked by the motion analysis system.  The anterior, 
intermediate, and posterior origin and insertion points of the tendons were digitized at 90º of 
flexion.  Figures 23-a, b, and c display the tendon digitization points and a representation of 
the lengths of the three tendon sections. 
 
 
 
 
 
 
 
 
 
 
 
 
 45 
        A: 
           
 
       B: 
           
   C: 
 
 
 
 
Figure 23:  (A) Digitized points on the origin site of Jobe 
reconstruction.  (B) Digitized points on the insertion site 
of Jobe reconstruction.  (C) Representation of measured 
length between origin and insertion points of Jobe 
reconstruction. 
 
 
 
Phase three of a complete test followed the same procedures as phase one.  The 
specimen underwent four flexibility tests of the tendon reconstruction at 90º, 110º, 30º, and 
60º of flexion while overall flexibility, torque curves, elbow coupling and tendon elongation 
were recorded and stored on two computers. 
The fourth and final phase of testing consisted of loading the tendon reconstructed 
elbow to failure at 80º of flexion.  Similar to phase two, the specimen was cyclically loaded 
and unload in valgus-varus four times.  During a fifth valgus load, a manually increasing 
moment was applied to the reconstructed elbow complex until the tendon reconstruction 
ruptured.  The ultimate moment and valgus ROM and ligament length at instant of failure 
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were recorded on two computers.  The aforementioned steps are represented in a flow chart in 
figure 24. 
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Figure 24:  Procedural flow chart of a complete test for pair of specimens. 
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2.6 Data Analysis  
 
2.6.1 Filtering 
The elbow flexibility tester used in this study acquired variable voltage signals in real 
time.  Common to many signal acquisition instruments, unwanted frequencies accompanied 
the true frequency of the signal.  As a result, the signal was not smooth and included “noise”.  
In order to analyze the data accurately, noisy signals were filtered to remove unwanted 
frequencies. 
Signals were filtered post-testing using a technical computing software program—
MATLAB [Math Works Inc., v5.3].  A 2nd order butterworth digital low pass filter was used 
to remove unwanted frequencies.  The cutoff frequency was calculated by selecting a value 
greater than the testing frequency and less then the noise frequency.  These steps are shown in 
figure 25.  The cutoff frequency for the butterworth filter was 0.10 Hz and the MATLAB 
code for the program is in Appendix A.  
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Figure 25:  Calculation of EFT testing frequencies and corresponding filter cutoff frequency. 
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2.6.2 Isolating and Combining 
The two instruments used in this study were synchronized to acquire all data 
simultaneously in real time.  The EFT recorded the applied valgus-varus moment, valgus-
varus rotation, and supination-pronation motion, while the motion analysis system recorded 
the change in length of the anterior, intermediate, and posterior fiber bands of the anterior 
bundle of the UCL (figure 26).   
 
 
 
  
applied
moment
valgus-varus
rotation
Elbow Flexibility Tester
Computer A
posterior
band elongation
Motion Analysis System
Computer B
anterior
band elongation
supination/
pronation
Acquired Data
intermediate 
band elongation
  
 
 
Figure 26:  Schematic representation of acquisition system and recorded data. 
 
 
All data was isolated and combined into one set.  For each flexibility test, the elbow 
complex was valgus loaded-varus unloaded in five cycles.  The first and last cycles were 
truncated and averages for each parameter were calculated for the remaining three cycles.  
Figures 27-a through d graphically depicts the synchronicity of the test parameters for a 
flexibility test at 90º flexion. 
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Figure 27:  Graphs depicting the synchronization of the test parameters of a flexibility test at 90º flexion.  
(A) applied moment (B) valgus-varus rotation (C) supination-pronation rotation (D) anterior, intermediate, 
and posterior band elongation. 
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2.6.3 Processing and Analysis  
 Following isolation, combination, and reduction, the test data was then processed and 
analyzed.  The results from this study are grouped into four categories for both the native and 
reconstructed UCL—valgus stability, kinematic coupling, ligament/tendon elongation, and 
ultimate moment.  As such, this section will discuss the methods in processing and analyzing 
the data for each. 
 
 
2.6.3.1 Valgus Stability 
In this study, valgus stability of the elbow complex is quantified by subjecting the 
elbow to a valgus moment and measuring the resulting displacement.  This technique is 
commonly regarded as the flexibility approach.  In order to calculate the flexibility, a graph 
of the averaged valgus rotation as a function of the average applied moment is generated.  
The origin of the curve corresponds to the point on the loading cycle with 0° valgus angle .  
Valgus range of motion (vROM) is 95% of the maximum angle.  Flexibility is then defined as 
the slope of the origin to the vROM point with units of degrees per Newton*meter.  A typical 
curve for the elbow at 30° flexion is depicted in figure 28. 
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Figure 28:  Raw data load-displacement curve of elbow at 30° flexion.  A—Origin of curve, 
corresponds with 0° valgus angle.   B—Range of motion point (C – 5%).  C—Peak valgus angle. 
 
 
By the EFT’s design, the weights of certain linkages create an additional moment that 
is proportional to the valgus angle.  As a result, the torque measurement is adjusted by the 
following relationship: 
     valgusrecordedapplied q*+= qTT  
where    Tapplied   =  actual moment applied to elbow complex (Nm),  
             Trecorded  =  recorded torque (Nm) 
              q           =  ratio of torque produce by EFT to valgus angle (Nm/degrees) 
                          qvalgus    = valgus angle (degrees). 
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2.6.3.2 Kinematic Coupling 
In this study, the kinematic coupling of the elbow joint was defined as the effect of 
valgus-varus rotation on the supination-pronation motion of the forearm.  For each flexibility 
test, the kinematic coupling ratio was calculated by generating a graph of the averaged 
supination motion as a function of the averaged valgus rotation.  Figure 29 displays a typical 
curve for the elbow at 30° flexion.  The origin of the curve corresponds to the point of 0° 
valgus and supination displacement.  The supination range of motion point (sROM) is the 
maximum angle.  The coupling ratio is the slope from the origin to the sROM point and is 
unit-less. 
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Figure 29:  Raw data displacement-displacement curve of elbow at 30° flexion.  A—Origin of curve, 
corresponds with 0° angle for valgus rotation and forearm rotation.  B—Range of motion point for both 
valgus rotation and forearm rotation. 
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2.6.3.3 Ligament/Tendon Graft Elongation 
For this study the ligament and tendon lengths were measured statically and 
dynamically.  The anterior bundle of the UCL and tendon reconstructions were divided into 
the anterior, intermediate, and posterior bands and portions, correspondingly.  Static 
measurements were a function of flexion angle only, whereas dynamic measurements were a 
function of both flexion angle and valgus displacement. 
At the beginning of each test, the elbow was positioned in 0º valgus-varus rotation 
for 4 seconds before applying a cyclic valgus moment.  Static measurements were calculated 
by truncating the measured lengths for the first and last seconds and taking the average of the 
measured lengths for the remaining two-second period.  The dynamic measurement 
corresponds to the maximum applied valgus rotation for a given flexibility test.  The 
ligament/tendon graft elongation is calculated as the difference between the length at 
maximum rotation and the static measurement.  Figure 30 depicts a typical elongation data set 
with corresponding valgus displacement data and the method of calculating the static, 
dynamic, and elongation lengths.   
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Figure 30:  Graphical representation of a typical elongation data set with correspond valgus rotation data and 
the method of calculating the static, dynamic, and elongation lengths. 
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2.6.3.4 Ultimate Moment 
One of the methods used in this study to quantify the tendon reconstruction’s 
effectiveness in restoring valgus stability was to compare the loads required to fail the native 
and reconstructed UCL.  For each load to failure test, the elbow was position at 80º flexion.  
The test began by applying a manual valgus-varus moment to the elbow complex for four 
cycles followed by a fifth cycle  applying an increasing moment until the medial ligamentous 
complex or tendon graft was disrupted.  The load required to disrupt the native and 
reconstructed tendon and the elongation of the ligament/tendon graft at the instant of failure 
was recorded. 
Each load to failure test yielded a raw data curve shown in figure 31.  The load to 
failure value was determined by the abrupt change in torque at the moment of failure.  Based 
on the load to failure value, the corresponding ligament/tendon graft elongation at failure was 
calculated as depicted in figure 31. 
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Figure 31:  Graphical representation of a typical valgus moment to failure with corresponding elongation 
data and the method of calculating the static, dynamic and elongation lengths. 
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CHAPTER 3:  RESULTS 
 
 
3.1 Overview 
Chapter 3 presents the results of the research study and is divided into four main 
sections—results of the intact UCL, results of the Docking reconstructed UCL, results of the 
Jobe reconstructed UCL, and concludes with a comparative analysis of the surgical 
reconstructions abilities in restoring native elbow stability.  The four main sections are further 
divided into the following sub-sections:  valgus stability, kinematic coupling, 
ligament/tendon graft elongation, and ultimate moment.  
 
 
 
3.2 Intact Ulnar Collateral Ligament 
 
3.2.1 Valgus Stability 
Valgus flexibility values for individual and average intact UCL specimens at 30º, 60º, 
90º, and 110º flexion are displayed in table 5.  The accompanying graphs of individual and 
average flexibility as a function of flexion angle are depicted in figures 32-a and b. 
Valgus ROM values for individual and average intact UCL specimens at 30º, 60º, 
90º, and 110º flexion are displayed in table 6.  The accompanying bar graph of average 
valgus ROM as a function of flexion angle is displayed in figure 33. 
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Table 5:  Flexibility of intact UCL at 30º, 60º, 90º, and 110º flexion. 
 
Flexibility 
[deg/Nm] 
Specimen 
30º Flexion 60º Flexion 90º Flexion 110º Flexion 
1L 8.01 5.25 1.51 1.05 
1R 9.88 4.26 1.46 1.25 
2L 9.72 2.58 2.14 1.62 
2R 9.43 1.58 0.83 1.07 
3L 11.32 6.03 2.61 3.18 
3R 13.69 7.27 5.37 3.63 
4L 6.19 3.30 2.41 1.81 
4R 8.01 3.80 2.06 1.50 
5L 5.72 2.40 1.05 1.11 
5R 9.32 2.19 1.05 0.99 
6L 5.48 2.39 0.84 0.71 
6R 11.32 6.03 2.61 3.18 
     
Average 8.43 3.49 1.80 1.50 
Standard 
Deviation 
 
2.69 
 
1.91 
 
1.34 
 
1.00 
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Figure 32:  Effects of flexion angle on the flexibility of the intact UCL for (A) each specimen 
and (B) average of specimens. 
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Table 6:  Valgus ROM of intact UCL at 30º, 60º, 90º, and 110º flexion. 
 
Valgus ROM 
[deg] 
Specimen 
30º Flexion 60º Flexion 90º Flexion 110º Flexion 
1L 31.2 27.4 10.6 8.8 
1R 28.9 23.4 6.5 3.9 
2L 42.4 15.0 9.4 9.9 
2R 21.9 14.5 5.7 3.9 
3L 31.0 7.2 5.7 6.8 
3R 31.7 20.8 6.6 6.7 
4L 44.8 8.1 3.0 3.3 
4R 34.6 15.7 9.5 6.8 
5L 34.5 12.2 4.0 2.7 
5R 31.7 9.6 4.0 4.2 
6L 37.5 8.7 4.9 2.9 
6R 34.4 3.9 2.0 1.0 
     
Average 33.7 13.9 5.0 3.9 
Standard 
Deviation 6.0 7.1 4.3 4.3 
 
 
 
 
 
 
Figure 33:  Effects of flexion angle on the valgus ROM of the intact UCL. 
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3.2.2 Kinematic Coupling 
Kinematic coupling values for individual and average intact UCL specimens at 30º, 
60º, 90º, and 110º flexion are displayed in table 7.  The accompanying bar graph of the 
average kinematic coupling ratio as a function of flexion angle is displayed in figure 34. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 7:  Coupling ratio of intact UCL at 30º, 60º, 90º, and 110º flexion. 
 
Coupling Ratio 
[degrees of forearm rotation / degrees of valgus rotation] 
Specimen 
  30º Flexion 60º Flexion 90º Flexion 110º Flexion 
1L 0.78 0.76 1.03 0.00 
1R 0.85 0.73 0.34 0.19 
2L 0.74 0.17 0.43 0.52 
2R 1.22 1.00 0.52 0.00 
3L 0.86 0.47 0.40 0.77 
3R 0.91 0.62 0.43 0.27 
4L 0.85 0.34 0.10 1.61 
4R 0.81 0.46 0.22 0.36 
5L 0.82 0.37 0.00 0.71 
5R 0.99 0.74 0.42 0.47 
6L 0.95 0.99 0.46 0.20 
6R 0.01 0.51 0.49 0.00 
     
Average 0.90 0.60 0.42 0.47 
Standard 
Deviation 
 
0.13 
 
0.26 
 
0.26 
 
0.48 
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Figure 34:  Effects of flexion angle on the coupling ratio of forearm rotation to valgus rotation for 
the intact UCL. 
 
 
 
 
 
3.2.3 Ligament Elongation 
Initial ligament length of the anterior, intermediate, and posterior bands of the 
anterior bundle of the UCL for individual and averaged specimens at 30º, 60º, 90º, and 110º 
flexion are displayed in table 8.  The accompanying graphical representation of initial 
ligament length as a function of flexion angle is displayed in figure 35. 
Maximum lengths—when subjected to a large valgus moment—of the anterior, 
intermediate, and posterior bands of the anterior bundle of the UCL for individual and 
average specimens at 30º, 60º, 90º, and 110º flexion are displayed in table 9.  The percent 
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elongation of the UCL resulting from the applied valgus moment is calculated by the 
difference in maximum length (table 9) to the initial length (table 8) divided by the initial 
length.  Graphical representation of the percent elongation of each ligament band as a 
function of flexion angle is displayed in figure 36. 
The valgus rotation to ligament elongation ratio for the anterior, intermediate, 
and posterior bands at 30º, 60º, 90º, and 110º flexion is displayed in table 10.  The 
accompanying bar graph of the average valgus rotation-ligament elongation ratio as a 
function of flexion angle is displayed in figure 37, while figures 38-a, b, and c depict the 
slope relationship between valgus rotation and ligament elongation for each band. 
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Table 8:  Initial lengths of anterior, intermediate, and posterior bands of the intact UCL at 30º, 60º, 90º, 
and 110º flexion. 
 
Initial Length of Intact UCL 
[mm] 
30º Flexion 60º Flexion 90º Flexion 110º Flexion 
Specimen 
A I P A I P A I P A I P 
1L 39.0 36.1 28.7 34.4 33.8 28.6 32.7 34.4 31.7 30.2 33.5 33.0 
1R ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 
2L ~ ~ ~ 43.0 45.3 44.3 43.0 47.5 49.8 40.7 46.3 50.5 
2R 12.7 12.7 10.2 14.1 15.5 15.0 16.2 18.6 20.9 16.1 18.9 22.7 
3L ~ ~ ~ ~ ~ ~ 53.8 57.0 55.7 53.8 56.8 55.7 
3R 31.5 31.5 24.0 31.0 31.2 24.5 27.9 29.9 26.2 25.2 28.2 26.7 
4L 17.4 12.7 9.8 17.6 14.6 12.1 17.3 14.5 12.0 17.5 17.1 16.2 
4R 25.8 20.3 12.7 25.7 22.3 16.0 23.7 22.2 19.2 21.7 21.8 20.8 
5L 19.1 17.4 16.0 19.1 18.0 16.6 19.8 19.9 19.2 19.3 20.2 20.4 
5R ~ ~ ~ 21.4 19.6 20.5 21.8 21.2 22.7 20.9 21.3 23.1 
6L 27.7 26.1 23.0 29.7 29.3 27.2 31.3 32.6 32.0 31.6 33.8 34.3 
6R ~ ~ ~ 23.7 21.5 20.3 23.5 22.7 23.6 23.4 23.6 25.8 
             
Average 24.7 22.4 17.8 26.0 25.1 22.5 28.3 29.1 28.5 27.3 29.2 29.9 
Standard 
Deviation 9.0 9.1 7.5 8.7 9.7 9.4 11.5 13.1 13.4 11.3 12.6 12.7 
 
 
 
 
 
 
 
Figure 35:  Effects of flexion angle on the length of the anterior, intermediate, and 
posterior bands of the intact UCL. 
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Table 9:  Maximum lengths of anterior, intermediate, and posterior bands of the intact UCL when 
subjected to a valgus moment at 30º, 60º, 90º, and 110º flexion. 
 
Length of Intact UCL at Maximum Applied Valgus Moment 
[mm] 
30º Flexion 60º Flexion 90º Flexion 110º Flexion 
Specimen 
A I P A I P A I P A I P 
1L 41.1 38.6 31.2 38.0 38.2 32.7 33.3 35.3 32.9 30.7 34.2 33.5 
1R ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 
2L       44.4 46.8 45.4 43.9 48.2 50.4 42.3 47.5 51.3 
2R 15.3 15.3 12.1 18.3 19.8 18.5 18.5 21.1 23.0 18.8 21.1 25.0 
3L ~ ~ ~ ~ ~ ~ 55.3 58.1 56.3 55.5 58.3 56.7 
3R 34.4 34.4 26.8 35.1 36.3 29.7 30.4 32.9 29.1 28.3 31.8 29.9 
4L 21.4 16.4 12.6 18.9 16.2 13.7 19.4 16.7 13.9 18.3 17.9 16.9 
4R 27.7 22.1 13.9 27.8 24.5 17.6 25.7 24.4 21.1 23.7 23.4 22.6 
5L 21.6 19.6 17.7 21.3 20.2 18.6 21.1 21.2 20.5 20.0 21.0 21.1 
5R ~ ~ ~ 24.0 22.2 22.9 23.3 22.7 24.1 22.7 23.0 24.7 
6L 30.8 29.1 26.1 33.3 33.1 31.1 33.8 35.1 34.5 33.6 35.8 36.3 
6R ~ ~ ~ 24.9 22.6 21.4 24.8 24.0 24.8 24.2 24.4 26.5 
             
Average 27.5 25.1 20.1 28.6 28.0 25.2 30.0 30.9 30.1 28.9 30.8 31.3 
Standard 
Deviation 8.8 9.1 7.8 8.8 10.0 9.5 11.3 12.8 12.9 11.4 12.6 12.5 
 
 
 
 
 
Figure 36:  Effects of flexion angle on the intact UCL percent elongation defined as 
(Lengthmax – Lengthinitial) / Lengthinitial] 
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Table 10:  Ratio of valgus rotation to ligament elongation of anterior, intermediate, and posterior bands 
of the intact UCL at 30º, 60º, 90º, and 110º flexion. 
 
Valgus Rotation  to Ligament Elongation Ratio 
[mm] 
30º Flexion 60º Flexion 90º Flexion 110º Flexion 
Specimen 
A I P A I P A I P A I P 
1L 0.067 0.080 0.080 0.131 0.161 0.150 0.057 0.085 0.113 0.057 0.080 0.057 
1R ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 
2L ~ ~ ~ 0.093 0.100 0.073 0.096 0.074 0.064 0.162 0.121 0.081 
2R 0.119 0.119 0.087 0.290 0.297 0.241 0.404 0.439 0.368 0.692 0.564 0.590 
3L ~ ~ ~ ~ ~ ~ 0.263 0.193 0.105 0.250 0.221 0.147 
3R 0.091 0.091 0.088 0.197 0.245 0.250 0.379 0.455 0.439 0.463 0.537 0.478 
4L 0.089 0.083 0.063 0.160 0.198 0.198 0.700 0.733 0.633 0.242 0.242 0.212 
4R 0.055 0.052 0.035 0.134 0.140 0.102 0.211 0.232 0.200 0.294 0.235 0.265 
5L 0.072 0.064 0.049 0.180 0.180 0.164 0.325 0.325 0.325 0.259 0.296 0.259 
5R    0.271 0.271 0.250 0.375 0.375 0.350 0.429 0.405 0.381 
6L 0.083 0.080 0.083 0.414 0.437 0.448 0.510 0.510 0.510 0.690 0.690 0.690 
6R ~ ~ ~ 0.308 0.282 0.282 0.650 0.650 0.600 0.800 0.800 0.700 
             
Average 0.082 0.081 0.069 0.218 0.231 0.216 0.361 0.370 0.337 0.394 0.381 0.351 
Standard 
Deviation 0.021 0.021 0.021 0.100 0.097 0.107 0.205 0.215 0.199 0.242 0.237 0.234 
 
 
 
 
Figure 37:  Effects of flexion angle valgus rotation–ligament elongation ratio on the length 
of the anterior, intermediate, and posterior bands of the intact UCL. 
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Figure 38:  Valgus rotation–ligament elongation relationship of the (A) anterior, 
(B) intermediate (C) posterior bands of the intact UCL as a function of flexion 
angle. 
Valgus Rotation-Ligament Elongation Relationship as a Function of
Flexion Angle--Native Anterior Band
0
0.5
1
1.5
2
2.5
3
0 5 10 15 20 25 30 35 40
Valgus Rotation  [deg]
Ligament Elongation  
[mm]
30° Flexion
60° Flexion
90° Flexion
110° Flexion
Valgus Rotation-Ligament Elongation Relationship as a Function of
Flexion Angle--Native Anterior Band
0
0.5
1
1.5
2
2.5
3
0 5 10 15 20 25 30 35 40
Valgus Rotation  [deg]
Ligament Elongation  
[mm]
30° Flexion
60° Flexion
90° Flexion
110° Flexion
Valgus Rotation-Ligament Elongation Relationship as a Function of
Flexion Angle--Native Anterior Band
0
0.5
1
1.5
2
2.5
3
0 5 10 15 20 25 30 35 40
Valgus Rotation  [deg]
Ligament Elongation  
[mm]
30° Flexion
60° Flexion
90° Flexion
110° Flexion
 69 
3.2.4 Ultimate Moment 
The valgus moment required to completely disrupt the UCL complex and the type of 
disruption is displayed in table 11 for each specimen and includes the average ultimate 
moment for all specimens.  Figure 39 displays the rate of occurrence of disruption in the 
overall study of the intact UCL complex.  The maximum valgus displacements for individual 
and averaged intact UCL specimens at the instant of failure are displayed in table 12. 
The initial length of the UCL, the length of the UCL at the instant of failure, and the 
associated percent elongation are displayed in table 13 for individual and average specimens.  
The percent elongation of the UCL at valgus moment to failure is calculated by the difference 
in length at the instant of failure to the initial length divided by the initial length multiplied by 
100.  Graphical representation of the initial and final lengths and the percent elongation of 
each band of the anterior bundle of the UCL are displayed in figures 38-a and b. 
 
Table 11:  Moment required to completely disrupt the intact UCL and type of disruption. 
 
Specimen Moment at 
Failure 
[N*m] 
Mode of Failure 
1L 9.33 avulsion from ulna 
1R 9.81 avulsions from ulna and humerus 
2L 24.07 avulsion from ulna 
2R 26.57 mid-substance tear (small amount avulsed from humerus) 
3L 9.38 mid-substance tear 
3R 11.92 avulsion from ulna 
4L 11.37 avulsion from ulna (small ulnar bone fragments) 
4R 10.53 avulsion from ulna 
5L 12.37 avulsion from humerus 
5R 18.29 mid-substance tear 
6L 19.79 mid-substance tear 
6R 29.50 avulsion from ulna 
   
Average 16.08  
Standard Deviation 7.30  
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Figure 39:  Rate of occurrence of disruption for the intact UCL. 
 
 
Table 12:  Maximum valgus displacement at instant of failure for native UCL. 
 
Specimen Maximum Valgus Displacement 
[deg] 
1L 41.4 
1R 52.1 
2L 67.0 
2R 40.5 
3L 52.1 
3R 47.4 
4L 51.7 
4R 43.5 
5L 50.7 
5R 36.8 
6L 42.4 
6R 46.3 
  
Average 47.8 
Standard Deviation 7.9 
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Table 13:  Initial length, final length, and associated percent elongation of intact UCL when loaded to 
failure. 
 
Initial Length 
[mm] 
Length at Failure 
[mm] 
Percent Elongation 
[%] 
Specimen 
A I P A I P A I P 
1L ~ ~ ~ ~ ~ ~ ~ ~ ~ 
1R ~ ~ ~ ~ ~ ~ ~ ~ ~ 
2L ~ ~ ~ ~ ~ ~ ~ ~ ~ 
2R 43.9 47.7 48.9 48.7 52.6 53.5 10.9 10.0 9.5 
3L 28.9 30.5 25.7 35.2 37.6 32.5 21.8 23.5 26.7 
3R ~ ~ ~ ~ ~ ~ ~ ~ ~ 
4L 24.7 22.5 18.4 29.5 27.4 22.8 19.3 22.2 23.9 
4R 17.0 15.8 14.4 25.2 24.0 22.2 48.5 51.9 54.5 
5L 22.2 21.3 22.6 27.4 26.3 27.1 23.0 23.5 20.4 
5R 19.9 19.6 18.6 24.7 24.5 23.3 23.9 24.9 25.0 
6L 32.7 33.5 32.5 36.9 37.6 36.5 12.7 12.3 12.4 
6R 24.0 22.7 22.9 30.9 29.6 29.5 28.6 30.4 28.8 
          
Average 26.7 26.7 25.5 32.3 32.5 30.9 23.6 24.9 25.2 
Standard 
Deviation 8.5 10.2 10.9 7.9 9.8 10.4 11.6 12.8 13.7 
 
 
 
 
 
A: 
 
B: 
 
 
 
 
Figure 40:  (A) Initial and final lengths of anterior, intermediate, and posterior bands of the intact UCL 
when loaded to failure.  (B) Percent elongation of anterior, intermediate, and posterior bands of the 
intact UCL when loaded to failure. 
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3.3 Docking Reconstructed UCL 
 
3.3.1 Valgus Stability 
Valgus flexibility values for individual and average Docking reconstructed specimens 
at 30º, 60º, 90º, and 110º flexion are displayed in table 14.  The accompanying graphs of 
individual and average flexibility as a function of flexion angle are depicted in figures 41-a 
and b. 
Valgus ROM values for individual and average intact UCL specimens at 30º, 60º, 
90º, and 110º flexion are displayed in table 15.  The accompanying bar graph of average 
valgus ROM as a function of flexion angle is displayed in figure 42. 
 
 
 
 
 
 
 
 
Table 14:  Flexibility for Docking reconstructed UCL at 30º, 60º, 90º, and 110º flexion. 
 
Flexibility 
[deg/Nm] 
Specimen 
30º Flexion 60º Flexion 90º Flexion 110º Flexion 
1L 15.05 8.70 1.17 0.80 
2R 10.74 2.98 2.13 1.67 
3L 11.73 8.78 2.07 1.49 
4R 10.02 7.34 5.43 1.78 
5L 6.98 6.28 1.46 1.32 
6L 7.42 4.32 0.71 0.54 
     
Average 10.32 6.40 2.16 1.27 
Standard Deviation 2.97 2.36 1.69 0.49 
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Figure 41:  Effects of flexion angle on the flexibility of the Docking reconstructed UCL for 
(A) each specimen and (B) average of specimens. 
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Table 15:  Valgus ROM of the Docking reconstructed UCL at 30º, 60º, 90º, and 110º flexion. 
 
Valgus ROM 
[deg] 
Specimen 
30º Flexion 60º Flexion 90º Flexion 110º 
Flexion 
1L 29.5 20.0 6.4 3.5 
2R 32.0 16.1 7.7 6.7 
3L 2.9 6.9 2.9 2.8 
4R 28.4 11.8 7.0 6.4 
5L 44.0 8.5 2.7 4.7 
6L 27.5 6.2 3.0 2.7 
     
Average 27.4 11.6 4.9 4.5 
Standard Deviation 13.4 5.5 2.3 1.8 
 
 
 
 
 
 
 
 
 
Figure 42:  Effects of flexion on the valgus ROM of Docking reconstructed UCL. 
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3.3.2 Kinematic Coupling 
Kinematic coupling values for individual and average Docking reconstructed 
specimens at 30º, 60º, 90º, and 110º flexion are displayed in table 16.  The accompanying bar 
graph of the average kinematic coupling ratio as a function of flexion angle is displayed in 
figure 43. 
 
 
Table 16:  Coupling ratio for the Docking reconstructed UCL at 30º, 60º, 90º, and 110º flexion. 
 
Coupling Ratio 
[degrees of forearm rotation / degrees of valgus rotation] 
Specimen 
  30º Flexion 60º Flexion 90º Flexion 110º Flexion 
1L 0.88 1.43 1.03 1.65 
2R 1.14 1.00 0.61 0.79 
3L 0.89 0.43 0.57 0.82 
4R 0.84 0.54 0.49 0.63 
5L 0.89 0.58 ~ 0.30 
6L 1.04 1.37 0.59 ~ 
     
Average 0.95 0.89 0.66 0.84 
Standard Deviation 0.12 0.44 0.21 0.50 
 
 
 
 
Figure 43:  Effects of flexion angle on the coupling ratio of valgus 
rotation to forearm rotation for the Docking reconstructed UCL. 
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3.3.3 Tendon Graft Elongation 
Initial ligament length of the anterior, intermediate, and posterior bands of the 
anterior bundle of the Docking reconstructed UCL for individual and averaged specimens at 
30º, 60º, 90º, and 110º flexion are displayed in table 17.  The accompanying graphical 
representation of initial ligament length as a function of flexion angle is displayed in figure 
44. 
Maximum lengths—when subjected to a large valgus moment—of the anterior, 
intermediate, and posterior bands of the anterior bundle of the Docking reconstructed UCL 
for individual and average specimens at 30º, 60º, 90º, and 110º flexion are displayed in 
table 18.  The percent elongation of the UCL resulting from the applied valgus moment is 
calculated by the difference in maximum length (table 18) to the initial length (table 17) 
divided by the initial length.  Graphical representation of the percent elongation of each 
ligament band as a function of flexion angle is displayed in figure 45. 
The valgus rotation to ligament elongation ratio for the anterior, intermediate, 
and posterior portions of the Docking reconstruction at 30º, 60º, 90º, and 110º flexion 
is displayed in table 19.  The accompanying bar graph of the average valgus rotation-
ligament elongation ratio as a function of flexion angle is displayed in figure 46, while 
figures 47-a, b, and c depict the slope relationship between valgus rotation and ligament 
elongation for each portion of the reconstruction. 
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Table 17:  Initial lengths of anterior, intermediate, and posterior portions of the Docking reconstructed 
UCL at 30º, 60º, 90º, and 110º flexion. 
 
Initial Length of the Docking Reconstructed UCL 
[mm] 
30º Flexion 60º Flexion 90º Flexion 110º Flexion 
Specimen 
A I P A I P A I P A I P 
1L  ~ ~ ~  ~ ~ ~  ~ ~ ~  ~ ~ ~ 
2R  ~ ~ ~  ~ ~ ~  ~ ~ ~  ~ ~ ~ 
3L  ~ ~ ~ 19.7 20.1 19.7 18.7 21.1 22.7 18.1 21.5 24.2 
4R 17.4 15.8 11.1 17.0 16.9 13.3 16.6 18.2 16.0 16.5 18.9 17.7 
5L 19.4 17.0 14.8 21.1 20.0 19.0 22.2 22.2 22.3 22.5 22.9 24.0 
6L 31.3 27.2 24.8 32.7 29.7 28.1 33.9 32.4 32.3 34.1 33.6 34.7 
             
Average 22.7 20.0 16.9 22.6 21.7 20.0 22.9 23.5 23.3 22.8 24.2 25.1 
Standard 
Deviation 7.5 6.2 7.1 6.9 5.5 6.1 7.7 6.2 6.8 7.9 6.5 7.0 
 
 
 
 
 
 
 
 
Figure 44:  Effects of flexion angle on the length of the anterior, intermediate, and 
posterior portions of the Docking reconstructed UCL. 
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Table 18:  Maximum lengths of anterior, intermediate, and posterior portions of the Docking 
reconstructed UCL when subjected to a valgus moment at 30º, 60º, 90º, and 110º flexion. 
 
Length of Docking reconstructed UCL at Maximum Applied Valgus Moment 
[mm] 
30º Flexion 60º Flexion 90º Flexion 110º Flexion 
Specimen 
A I P A I P A I P A I P 
1L  ~ ~ ~  ~ ~ ~  ~ ~ ~  ~ ~ ~ 
2R  ~ ~ ~  ~ ~ ~  ~ ~ ~  ~ ~ ~ 
3L  ~ ~ ~ 23.7 24.2 23.6 20.2 22.5 24.1 19.5 23.0 25.7 
4R 19.9 17.9 12.5 18.7 18.7 14.5 18.3 19.9 17.4 17.7 20.1 18.7 
5L 25.0 22.5 19.6 25.3 23.6 23.4 23.3 23.3 23.3 23.3 23.9 24.8 
6L 35.2 31.6 29.5 34.8 32.1 30.6 34.5 33.2 33.0 34.6 34.3 35.3 
             
Average 26.7 24.0 20.5 25.7 24.7 23.0 24.1 24.7 24.5 23.8 25.3 26.1 
Standard 
Deviation 7.8 7.0 8.5 6.7 5.5 6.6 7.3 5.8 6.5 7.6 6.2 6.9 
 
 
 
 
 
 
 
 
Figure 45:  Effects of flexion angle on the Docking reconstructed UCL percent elongation 
defined as (Lengthmax – Lengthinitial) / Lengthinitial] 
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Table 19:  Ratio of valgus rotation to ligament elongation of anterior, intermediate, and posterior 
portions of the Docking reconstructed UCL at 30º, 60º, 90º, and 110º flexion. 
 
Valgus Rotation  to Ligament Elongation Ratio 
[mm] 
30º Flexion 60º Flexion 90º Flexion 110º Flexion 
Specimen 
A I P A I P A I P A I P 
1L ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 
1R ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 
2L ~ ~ ~ 0.580 0.594 0.565 0.517 0.483 0.483 0.500 0.536 0.536 
2R 0.088 0.074 0.049 0.144 0.153 0.102 0.243 0.243 0.200 0.188 0.188 0.156 
3L 0.127 0.125 0.109 0.494 0.424 0.518 0.407 0.407 0.370 0.170 0.213 0.170 
3R 0.142 0.160 0.171 0.339 0.387 0.403 0.200 0.267 0.233 0.185 0.259 0.222 
             
Average 0.119 0.120 0.110 0.389 0.389 0.397 0.342 0.350 0.322 0.261 0.299 0.271 
Standard 
Deviation 0.028 0.043 0.061 0.191 0.182 0.208 0.147 0.115 0.130 0.160 0.161 0.179 
 
 
 
 
 
 
 
Figure 46:  Effects of flexion angle valgus rotation–ligament elongation ratio on the length 
of the anterior, intermediate, and posterior portions of the Docking reconstructed UCL. 
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Figure 47:  Valgus rotation–ligament elongation relationship of the (A) 
anterior, (B) intermediate, (C) posterior portions of the Docking 
reconstructed UCL as a function of flexion angle. 
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3.3.4 Ultimate Moment 
The valgus moment required to completely disrupt the Docking reconstructed UCL 
and the type of disruption is displayed in table 20 for each specimen and includes the average 
ultimate moment for all specimens.  Figure 48 displays the rate of occurrence of disruption in 
the overall study for the Docking reconstructed UCL.  The maximum valgus displacements 
for individual and averaged intact UCL specimens at the instant of failure are displayed in 
table 21. 
The initial length of the tendon graft, the length of the tendon graft at the instant of 
failure, and the associated percent elongation are displayed in table 22 for individual and 
average specimens.  The percent elongation of the tendon graft at valgus moment to failure is 
calculated by the difference in the length at the instant of failure to the initial length divided 
by the initial length multiplied by 100.  Graphical representation of the initial and final 
lengths and the percent elongation of each portion of the tendon graft of the reconstructed 
UCL are displayed in figures 49-a and b. 
 
 
 
 
Table 20:  Moment required to completely disrupt the Docking reconstructed UCL and type of 
disruption. 
 
Specimen Moment at Failure 
[N*m] 
Mode of Failure 
1L 7.61 Ulnar tunnel fracture 
2R 15.84 Intra-substance failure 
3L 10.04 Ulnar tunnel fracture 
4R 5.17 Ulnar tunnel fracture 
5L 11.63 Suture pullout (Double) 
6L 15.15 Suture Pullout 
   
Average 10.91  
Standard Deviation 4.18  
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                  Figure 48:  Rate of occurrence of disruption for Docking reconstructed UCL. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 21:  Maximum valgus displacement at instant of failure for Docking reconstructed UCL. 
 
 Specimen  Maximum Valgus Displacement 
[deg] 
1L 42.8 
2R 56.8 
3L 38.6 
4R 47.2 
5L 42.3 
6L 44.5 
  
Average 45.4 
Standard Deviation 6.3 
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Table 22:  Initial length, final length, and associated percent elongation of Docking reconstructed UCL 
when loaded to failure. 
 
Initial Length  
[mm] 
Length at Failure  
[mm] 
Percent Elongation 
[%] 
Specimen 
A I P A I P A I P 
1L 
~ ~ ~ ~ ~ ~ ~ ~ ~ 
2R 
~ ~ ~ ~ ~ ~ ~ ~ ~ 
3L 18.8 20.6 21.6 27.2 29.1 30.0 44.2 41.8 39.3 
4R 17.2 18.2 15.6 20.2 21.3 17.9 17.9 16.8 14.9 
5L 22.1 21.9 21.6 30.3 30.2 29.4 37.1 37.8 36.0 
6L 33.9 32.0 31.4 47.3 45.8 45.1 39.4 43.3 43.8 
          
Average 23.0 23.2 22.5 31.2 31.6 30.6 34.6 34.9 33.5 
Standard 
Deviation 7.6 6.1 6.5 11.5 10.3 11.2 11.6 12.3 12.8 
 
 
 
 
 
 
 
 
 
 
A:   
 
B: 
 
 
 
 
Figure 49:  (A) Initial and final lengths of anterior, intermediate, and posterior portions of the Docking 
reconstructed UCL when loaded to failure.  (B) Percent elongation of anterior, intermediate, and 
posterior portions of the Docking reconstructed UCL when loaded to failure. 
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3.4 Jobe Reconstructed UCL 
 
 
 
3.4.1 Valgus Stability 
Valgus flexibility values for individual and average Jobe reconstructed specimens at 
30º, 60º, 90º, and 110º flexion are displayed in table 23.  The accompanying graphs of 
individual and average flexibility as a function of flexion angle are depicted in figures 50-a 
and b. 
Valgus ROM values for individual and average Jobe reconstructed specimens at 30º, 
60º, 90º, and 110º flexion are displayed in table 24.  The accompanying bar graph of average 
valgus ROM as a function of flexion angle is displayed in figure 51. 
 
 
 
 
 
 
 
 
Table 23:  Flexibility of the Jobe reconstructed UCL at 30º, 60º, 90º, and 110º flexion. 
 
Flexibility 
[deg/Nm] 
Specimen 
 
30º Flexion 60º Flexion 90º Flexion 110º Flexion 
1R 13.18 6.63 2.10 2.56 
2L 11.43 3.62 1.55 1.38 
3R 13.81 x 3.13 3.48 
4L 7.34 6.10 1.66 1.56 
5R 7.94 4.59 1.46 1.73 
6R 6.98 2.88 1.03 1.14 
     
Average 10.12 4.76 1.82 1.97 
Standard 
Deviation 3.07 1.59 0.73 0.88 
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Figure 50:  Effects of flexion angle on the flexibility of the Jobe reconstructed UCL for 
(A) each specimen and (B) average of specimens. 
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Table 24:  Valgus ROM of the Jobe reconstructed UCL at 30º, 60º, 90º, and 110º flexion. 
 
Valgus ROM 
[deg] 
Specimen 
30º Flexion 60º Flexion 90º Flexion 110º Flexion 
1R 40.0 30.2 16.3 13.8 
2L 23.4 14.4 11.0 8.4 
3R 25.2 10.3 6.7 5.1 
4L 27.9 8.5 1.7 1.0 
5R 27.8 8.5 5.2 2.3 
6R 44.0 7.8 8.6 5.5 
     
Average 31.4 13.3 8.2 6.0 
Standard 
Deviation 8.5 8.6 5.1 4.6 
 
 
 
 
 
 
 
 
Figure 51:  Effects of flexion angle on the valgus ROM of Jobe reconstructed UCL. 
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3.4.2 Kinematic Coupling 
Kinematic coupling values for individual and average Jobe reconstructed specimens 
at 30º, 60º, 90º, and 110º flexion are displayed in table 25.  The accompanying bar graph of 
the average kinematic coupling ratio as a function of flexion angle is displayed in figure 52. 
 
 
Table 25:  Coupling ratio of the Jobe reconstructed UCL at 30º, 60º, 90º, and 110º flexion. 
 
Coupling Ratio 
[degrees of forearm rotation / degrees of valgus rotation] 
Specimen 
  30º Flexion 60º Flexion 90º Flexion 110º Flexion 
1R 0.65 0.91 0.46 0.44 
2L 0.78 0.22 0.71 0.82 
3R 0.83 0.82 0.53 0.35 
4L 0.91 0.61 ~ 0.99 
5R 1.20 1.36 0.27 0.68 
6R 1.06 1.36 0.27 0.68 
     
Average 0.91 0.84 0.49 0.60 
Standard Deviation 0.20 0.40 0.16 0.28 
 
 
 
 
 
Figure 52:  Effects of flexion angle on the coupling ratio of valgus 
rotation to forearm rotation for the Jobe reconstructed UCL. 
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3.4.3 Tendon Graft Elongation 
Initial ligament length of the anterior, intermediate, and posterior portions of the 
tendon graft of the reconstructed UCL for individual and averaged specimens at 30º, 60º, 90º, 
and 110º flexion are displayed in table 26.  The accompanying graphical representation of 
initial ligament length as a function of flexion angle is displayed in figure 53. 
Maximum lengths—when subjected to a large valgus moment—of the anterior, 
intermediate, and posterior portions of the tendon graft for individual and average specimens 
at 30º, 60º, 90º, and 110º flexion are displayed in table 27.  The percent elongation of the 
UCL resulting from the applied valgus moment is calculated by the difference in maximum 
length (table 27) to the initial length (table 26) divided by the initial length multiplied by 
100.  A Graphical representation of the percent elongation of each ligament band as a 
function of flexion angle is displayed in figure 54. 
The valgus rotation to ligament elongation ratio for the anterior, intermediate, 
and posterior portions of the Jobe reconstruction at 30º, 60º, 90º, and 110º flexion is 
displayed in table 28.  The accompanying bar graph of the average valgus rotation-ligament 
elongation ratio as a function of flexion angle is displayed in figure 55, while figures 56-a, b, 
and c depict the slope relationship between valgus rotation and ligament elongation for each 
portion of the reconstruction. 
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Table 26:  Initial lengths of anterior, intermediate, and posterior portions of the Jobe reconstructed 
UCL at 30º, 60º, 90º, and 110º flexion. 
 
Initial Length of Jobe Reconstruction 
[mm] 
30º Flexion 60º Flexion 90º Flexion 110º Flexion 
Specimen 
A I P A I P A I P A I P 
1R ~  ~ ~  ~  ~ ~  ~  ~ ~  ~  ~ ~  
2L  ~ ~   ~  ~ ~   ~  ~ ~   ~  ~ ~   ~ 
3R 23.9 24.3 17.3 23.6 25.2 20.0 21.9 25.5 23.1 21.5 25.7 25.1 
4L 22.1 20.9 19.9 21.3 21.5 21.2 20.7 22.4 23.2 20.4 23.0 24.4 
5R ~  ~ ~  21.0 22.0 20.1 22.9 25.1 23.0 23.4 26.2 24.2 
6R  ~ ~   ~ 32.2 32.6 25.9 31.3 32.6 28.2 31.5 33.2 30.4 
             
Average 23.0 22.6 18.6 24.6 25.3 21.8 24.2 26.4 24.4 24.2 27.0 26.0 
Standard 
Deviation 1.3 2.4 1.8 5.2 5.1 2.8 4.8 4.3 2.6 5.0 4.3 3.0 
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         Figure 53:  Effects of flexion angle on the length of the anterior, intermediate, and posterior  
         portions of the Jobe reconstructed UCL. 
 
Table 27:  Maximum lengths of anterior, intermediate, and posterior bands of the Jobe reconstructed 
UCL when subjected to a valgus moment at 30º, 60º, 90º,  and 110º flexion. 
 
Length of Jobe Reconstruction at Maximum Applied Valgus Moment 
[mm] 
30º Flexion 60º Flexion 90º Flexion 110º Flexion 
Specimen 
A I P A I P A I P A I P 
1R ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 
2L ~  ~ ~ ~  ~ ~ ~  ~ ~ ~  ~ ~ 
3R 25.3 26.5 18.5 24.4 27.1 21.4 22.4 26.3 23.7 21.7 26.6 25.8 
4L 26.1 25.0 23.5 24.9 25.2 24.7 22.2 24.0 24.7 21.7 24.3 25.6 
5R ~ ~ ~ 25.3 26.4 23.4 25.1 27.2 24.7 24.8 27.6 25.4 
6R ~  ~ ~ 36.0 36.4 29.1 34.2 35.7 31.1 32.7 34.5 31.4 
             
Average 25.7 25.8 21.0 27.7 28.8 24.7 26.0 28.3 26.0 25.2 28.3 27.1 
Standard 
Deviation 0.6 1.1 3.5 5.6 5.1 3.3 5.7 5.1 3.4 5.2 4.4 2.9 
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Figure 54:  Effects of flexion angle on the Jobe reconstructed UCL percent elongation defined 
as (Lengthmax – Lengthinitial) / Lengthinitial] 
Table 28:  Ratio of valgus rotation to ligament elongation of anterior, intermediate, and posterior 
portions of the Jobe reconstructed UCL at 30º, 60º, 90º, and 110º flexion. 
 
Valgus Rotation  to Ligament Elongation Ratio 
[mm] 
30º Flexion 60º Flexion 90º Flexion 110º Flexion 
Specimen 
A I P A I P A I P A I P 
1R ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 
2L ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 
3R 0.056 0.087 0.048 0.078 0.184 0.136 0.075 0.119 0.090 0.039 0.176 0.137 
4L 0.143 0.147 0.129 0.424 0.435 0.412 0.882 0.941 0.882 1.300 1.300 1.200 
5R ~ ~ ~ 0.506 0.518 0.388 0.423 0.404 0.327 0.609 0.609 0.522 
6R ~ ~ ~ 0.487 0.487 0.410 0.337 0.360 0.337 0.218 0.236 0.182 
             
Average 0.099 0.117 0.088 0.374 0.406 0.337 0.429 0.456 0.409 0.542 0.580 0.510 
Standard 
Deviation 0.062 0.042 0.058 0.200 0.152 0.134 0.336 0.347 0.336 0.559 0.516 0.491 
 
 
 
 
 
 
 
 
Figure 55:  Effects of flexion angle valgus rotation–ligament elongation ratio on the length 
Valgus Rotation-Ligament Elongation Ratio as a Function of 
Flexion Angle--Jobe Reconstructed UCL
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of the anterior, intermediate, and posterior portions of the Jobe reconstructed UCL. 
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Figure 56:  Valgus rotation–ligament elongation relationship of the (A) 
anterior, (B) intermediate (C) posterior portions of the Jobe reconstructed 
UCL as a function of flexion angle. 
 
3.4.4 Ultimate Moment 
The valgus moment required to completely disrupt the Jobe reconstructed UCL and 
the type of disruption is displayed in table 29 for each specimen and includes the average 
ultimate moment for all specimens.  Figure 57 displays the rate of occurrence of disruption in 
the overall study of the Jobe reconstructed UCL.  The maximum valgus displacements for 
individual and averaged Jobe reconstruct specimens at the instant of failure are displayed in 
table 30. 
The initial length of the tendon graft, the length of the tendon graft at the instant of 
failure, and the associated percent elongation are displayed in table 31 for individual and 
average specimens.  The percent elongation of the tendon graft at valgus moment to failure is 
calculated by the difference in the length at the instant of failure to the initial length divided 
by the initial length multiplied by 100.  Graphical representation of the initial and final 
lengths and the percent elongation of each portion of the tendon graft of the anterior bundle 
of the UCL are displayed in figures 58-a and b. 
 
Table 29:  Moment required to completely disrupt the Jobe reconstructed UCL and type of disruption 
for individual and averaged specimens.  
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          Figure 57:  Rate of occurrence of disruption for Jobe reconstructed UCL. 
 
 
 
 
 
 
 
 
Table 30:  Maximum valgus displacement at instant of failure for Docking reconstructed UCL. 
Specimen Moment at Failure 
[N*m] 
Mode of Failure 
1R 8.38 Ulnar tunnel fracture 
2L 12.30 Ulnar tunnel fracture 
3R 11.40 Intra-substance failure 
4L 3.57 Ulnar tunnel fracture 
5R 11.00 
 
Ulnar tunnel fracture 
(with olecranon fracture) 
6R 15.00 Ulnar tunnel fracture 
   
Average 10.91  
Standard Deviation 4.18  
Jobe Reconstruction Rate of 
Occurrence of Disruption Type
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 Specimen  Maximum Valgus Displacement 
[deg] 
1R 54.6 
2L 38.9 
3R 48.4 
4L 37.9 
5R 52.9 
6R 43.5 
  
Average 46.0 
Standard Deviation 7.1 
 
 
 
 
 
Table 31:  Initial length, final length, and associated percent elongation of Jobe reconstructed UCL 
when loaded to failure. 
 
Initial Length  
[mm] 
Length at Failure  
[mm] 
Percent Elongation 
[%] 
Specimen 
A I P A I P A I P 
1R ~ ~ ~ ~ ~ ~ ~ ~ ~ 
2L 
~ ~ ~ ~ ~ ~ ~ ~ ~ 
3R 23.1 25.8 22.5 39.1 46.0 38.6 69.2 77.9 72.0 
4L 20.8 21.9 22.6 26.5 27.7 27.9 27.2 26.2 23.8 
5R 22.2 23.9 21.8 36.5 38.3 33.6 64.8 60.1 54.0 
6R 31.9 33.1 27.9 38.2 39.5 33.9 19.7 19.6 21.7 
          
Average 24.5 26.2 23.7 35.1 37.9 33.5 45.2 46.0 42.9 
Standard 
Deviation 5.0 4.8 2.8 5.8 7.6 4.4 25.4 27.7 24.4 
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Figure 58:  (A) Initial and final lengths of anterior, intermediate, and posterior portions of the Jobe 
reconstructed UCL when loaded to failure.  (B) Percent elongation of anterior, intermediate, and 
posterior portions of the Jobe reconstructed UCL when loaded to failure. 
 
 
3.5 Comparative Analysis of Reconstructive Surgeries 
In order to comparatively analyze the reconstructive surgeries, a percent difference 
method was utilized measuring the percent change of a given biomechanical parameter 
between the native and Docking/Jobe reconstructed UCL. 
The percent difference is calculated as the difference between the reconstructed and 
intact values divided by the intact value multiplied by 100.  Percent difference was done in 
three ways—individual percent difference, the average percent difference of the individuall 
percent differences, and the overall percent difference.  The overall percent difference is 
calculated by the average of n specimens for each group.  Depending on the biomechanical 
parameter being compared, one, two or all of the percent difference calculations were 
applied. 
 
3.5.1 Valgus Stability 
The overall percent difference of valgus flexibilities between the intact and 
Docking/Jobe reconstructed UCL at 30º, 60º, 90º, and 110º flexion are displayed in table 32 
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(nintact = 12, nDocking = 6, nJobe = 6).  The accompanying graphs depicting average flexib ility as 
a function of flexion angle for intact, Docking reconstructed, and Jobe reconstructed UCL is 
displayed in figure 59-a. 
The overall percent difference of valgus ROM between the intact and Docking/Jobe 
reconstructed UCL at 30º, 60º, 90º, and 110º flexion are displayed in table 33 (nintact = 12, 
nDocking  = 6, nJobe = 6).  The accompanying graph depicting average ROM as a function of 
flexion angle for intact, Docking reconstructed, and Jobe reconstructed UCL is displayed in 
figure 59-b. 
  
 
 
 
 
 
 
 
 
 
 
 
Table 32:  Average Percent difference of flexibility between the native and reconstructed UCL at 30º, 
60º, 90º, and 110º flexion 
 
Percent Difference in Flexibility 
 
Surgical 
Procedure 
30º Flexion 60º Flexion 90º Flexion 110º Flexion 
     
Docking 22.5% 83.3% 20.3% -15.7% 
Jobe 20.0% 36.4% 1.4% 31.5% 
     
 
 
 
 
 
 
 
 
 
 
Table 33:  Average Percent difference of ROM between the native and reconstructed at 30º, 60º, 90º, 
and 110º flexion. 
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Overall Percent Difference in ROM 
 
Surgical 
Procedure 
30º Flexion 60º Flexion 90º Flexion 110º Flexion 
     
Docking -18.8% -16.6% -18.0% -11.7% 
Jobe -6.9% -4.3% 37.4% 18.6% 
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B: 
 
Figure 59:  (A)  Effects of flexion angle on the flexibility of the intact, Docking 
reconstructed, and Jobe reconstructed UCL (average of specimens).    (B)  Effects of 
flexion angle on the valgus ROM of the intact, Docking reconstructed, and Jobe 
reconstructed UCL (average of specimens). 
 
 
 
 
3.5.2 Kinematic Coupling 
The overall percent difference of kinematic coupling ratios between the intact and 
Docking/Jobe reconstructed UCL at 30º, 60º, 90º, and 110º flexion are displayed in table 34 
(nintact = 12, nDocking = 6, nJobe = 6).  The accompanying bar graph depicting average kinematic 
coupling ratios as a function of flexion angle for intact, Docking reconstructed, and Jobe 
reconstructed UCL is displayed in figure 60. 
 
 
Table 34:  Average Percent difference of kinematic coupling ratios between the native and 
reconstructed UCL at 30º, 60º, 90º, and 110º flexion. 
 
Overall Percent Difference in ROM 
 
Surgical 
Procedure 
30º Flexion 60º Flexion 90º Flexion 110º Flexion 
Comparision of Average Valgus ROM vs. Flexion Angle
0
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Docking 5.3% 48.9% 56.8% 77.5% 
Jobe 0.8% 39.9% 17.4% 26.2% 
     
 
 
 
 
Figure 60:  Effects of flexion angle on the coupling ratio of the intact, Docking reconstructed, 
and Jobe reconstructed UCL (average of specimens). 
3.5.3 Tendon Graft Elongation 
The overall percent difference between the intact and Docking/Jobe reconstructed 
ligament/tendon graft initial lengths of the anterior, intermediate, and posterior portions at 
30º, 60º, 90º, and 110º flexion are displayed in table 35 (nintact = 12, nDocking = 4, nJobe = 4).  
The accompanying graphs depicting average initial lengths of the anterior, intermediate, and 
posterior portions as a function of flexion angle for intact, Docking reconstructed, and Jobe 
reconstructed UCL are displayed in figure 61-a-1, 2, and 3. 
The overall percent difference between the intact and Docking/Jobe reconstructed 
ligament/tendon percent elongation of the anterior, intermediate, and posterior portions at 30º, 
60º, 90º, and 110º flexion are displayed in table 36 (nintact = 12, nDocking = 4, nJobe = 4).  
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Accompanying graphs depicting average percent elongation of the anterior, intermediate, and 
posterior portions as a function of flexion angle for intact, Docking reconstructed, and Jobe 
reconstructed UCL are displayed in figure 61-b-1, 2, and 3. 
 
 
 
 
 
 
Table 35:  Average Percent difference of initial length between the native and reconstructed UCL at 
30º, 60º, 90º, and 110º flexion. 
 
Overall Percent Difference in Initial length Surgical 
Procedure 30º flexion 60º flexion 90º flexion 110º flexion 
 A I P A I P A I P A I P 
 
   
        
 
 
Docking -8.3% -10.7% -4.7% -12.9% -13.7% -11.0% -19.1% -19.4% -18.0% -16.5% -17.0% -16.0% 
 
Jobe -7.2% 0.9% 4.6% -5.4% 0.8% -3.1% -14.4% -9.4% -14.3% -11.4% -7.5% -13.1% 
             
  
 
 
 
Table 36:  Average Percent difference of percent elongation between the native and reconstructed UCL 
when a valgus load is applied at 30º, 60º, 90º, and 110º flexion. 
 
Overall Percent Difference in Percent Elongation Surgical 
Procedure 30º flexion 60º flexion 90º flexion 110º flexion 
 A I P A I P A I P A I P 
             
 
Docking 44.8% 44.4% 46.2% 26.4% 15.4% 19.7% -13.1% -20.1% -23.2% -23.1% -18.1% -20.7% 
 
Jobe -3.1% 1.9% -11.4% 14.0% 13.7% 2.1% -0.5% -5.3% -8.0% -35.2% -22.4% -24.4% 
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A1: B1: 
A2: B2: 
A3: B3: 
 
Figure 61:  (A) Effects of flexion angle on the ligament/tendon initial length of the anterior (1), 
intermediate (2), and posterior (2) bands/portions.   (B) Effects of flexion angle on the percent 
elongation of the ligament/tendon initial length of the anterior (1), intermediate (2), and posterior (3) 
bands/portions. 
 
 
3.5.4 Ultimate Moment 
The individual, averaged, and overall percent differences of ultimate moment 
between the intact and Docking/Jobe reconstructed UCL are displayed in table 37 (nintact = 12, 
nDocking  = 6, nJobe = 6).  Accompanying graphs depicting individual and overall ultimate 
moments for the intact and reconstructed UCL are displayed in figure 62a, b, and c. 
The individual, averaged, and overall percent differences of valgus ROM at instant of 
failure between the intact and Docking/Jobe reconstructed UCL are displayed in table 38 
(nintact = 12, nDocking = 6, nJobe = 6).  Accompanying graphs depicting individual and overall 
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valgus ROM at instant of failure for the intact and reconstructed UCL are displayed in figure 
63-a, b, and c. 
The individual, averaged, and overall percent differences of ligament/tendon graft 
percent elongation at instant of failure between the intact and Docking/Jobe reconstructed 
UCL are displayed in table 39 (nintact = 8, nDocking = 4, nJobe = 4).  Accompanying graphs 
depicting individual and overall percent elongation at instant of failure for the intact and 
reconstructed UCL are displayed in figure 64-a, b, and c. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 37:  Individual and overall percent difference of load to failure between the native and 
reconstructed UCL. 
 
Individual and Overall Percent Difference in Valgus Moment to Failure Surgical 
Procedure 
Set 1 Set 2 Set 3 Set 4 Set 5 Set 6 Average Overall 
         
Docking -18.4% -40.4% 7.0% -50.9% -6.0% -23.4% -22.0% -36.1% 
Jobe -14.6% -48.9% -4.4% -68.6% -39.9% -49.2% -37.6% -32.2% 
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A: 
B: 
C: 
 
Figure 62:  (A) Individual specimen comparison of valgus moment required to disrupt intact and 
Docking reconstructed UCL.  (B)  Individual specimen comparison of valgus moment required to 
disrupt intact and Jobe reconstructed UCL.  (C)  Comparison of average valgus moment required to 
disrupt intact, Docking reconstructed, and Jobe reconstruction UCL. 
 
 
 
 
Table 38:  Individual and overall percent difference of ROM at instant of failure between the native 
and reconstructed UCL. 
 
Individual and Overall Percent Difference in ROM at instant of Failure  Surgical 
Procedure 
Set 1 Set 2 Set 3 Set 4 Set 5 Set 6 Average Overall 
         
Docking 4.1% 40.2% -25.9% 8.5% -16.6% 5.0% 2.6% -4.8% 
Jobe 4.8% -41.9% 2.1% -26.7% 43.8% -6.0% -4.0% -3.4% 
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A: 
B: 
 
C: 
 
Figure 63:  (A) Individual specimen comparison of valgus ROM at instant of disruption for intact and 
Docking reconstructed UCL.  (B)  Individual specimen comparison of valgus ROM at instant of 
disruption for intact and Jobe reconstructed UCL.  (C)  Comparison of average valgus ROM at instant 
of disruption for intact, Docking reconstructed, and Jobe reconstruction UCL. 
 
 
 
Table 39:  Average percent difference of percent elongation at instant of failure between the native and 
reconstructed UCL. 
 
Overall Percent Difference in Elongation at Instant of Failure 
 
 
Surgical 
Procedure Anterior Portion Intermediate Portion Posterior Portion 
    
Docking 20.9% 18.5% 14.8% 
Jobe 43.1% 28.3% 20.6% 
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A: 
B: 
C: 
 
Figure 64:  (A) Individual specimen comparison of percent elongation at instant of disruption for intact 
and Docking reconstructed UCL.  (B)  Individual specimen comparison of percent elongation at instant 
of disruption for intact and Jobe reconstructed UCL.  (C)  Comparison of percent elongation at instant 
of disruption for intact, Docking reconstructed, and Jobe reconstruction UCL. 
 
CHAPTER 4:  DISCUSSION AND CONCLUSIONS 
 
 
 
4.1 Overview 
 
Chapter 4 examines the results that were presented in the previous chapter and is 
divided into two sections.  The first section discusses the mechanics of the intact UCL and 
when appropriate compares the findings with earlier studies.  The second section discusses 
the capabilities of the Docking and Jobe surgical reconstructions in restoring the UCL 
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function.  Both sections are further divided into the following sub-sections:  valgus stability, 
kinematic coupling, ligament/tendon elongation, and ultimate moment.  
 
4.2 Mechanics of Intact Ulnar Collateral Ligament 
 
4.2.1 Valgus Stability 
Valgus flexibility of the elbow decreased with increasing flexion angle (table 5 and 
figures 32-a & b).  The major change in flexibility occurred between 30º and 60º flexion 
while a much smaller change occurred between 90º and 110º flexion.  This is an indication 
that tendon reconstructions should be tightened or fastened at 30º flexion rather than 90º 
flexion, otherwise the ligament will be too tight and susceptible to stretching or failure. 
Valgus ROM decreased with increasing flexion angle (table 6 and figure 33).  Similar 
to flexibility, the major change occurred between 30º and 60º flexion while a much smaller 
change occurred between 90º and 110º flexion.  This further substantiates the conclusion that 
tightening or fastening tendon reconstructions at ~90º flexion may result in a strained 
reconstruction at larger degrees of extension.  
Morrey & An[9] previously quantified valgus stability of the elbow using the stiffness 
approach—inverse of flexibility—at 0º and 90º flexion.  The present study expands on these 
findings confirming that valgus flexibility decreases with increasing flexion angle; however, 
the actual flexibility values are substantially different (table 40), possibly a result of the 
difference in the method of valgus load application.  
 
 
 
 
Table 40:  Comparison of present and past research studies findings of the valgus flexibility values at 
various flexion angles. 
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Flexion 
Angle 
Present Research Study 
n = 12 
Morrey & An 
n = 4 
 
 
[deg] 
 
Flexibility 
[deg/Nm] 
 
Stiffness 
[Nm/deg] 
 
Flexibi lity 
[deg/Nm] 
0  0.98 1.02 
30 8.43   
60 3.49   
90 1.80 3.33 0.30 
110 1.5   
  
 
 
Four other studies[4, 5, 12, 49] quantified elbow stability by subjecting the elbow to loads 
ranging from the weight of the forearm to 0.75 Nm and measured the resulting displacement 
(ROM). Similar to the present study, the majority of the studies found the valgus ROM to 
decrease as the elbow is flexed (table 41).  The incremental and overall range of decrease in 
ROM was significantly different between the present study and past studies and can be 
attributed to the large valgus loads applied in this study (figure 59-a through e).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 41:  Comparison of present and past research studies finding of the valgus ROM values at 
various flexion angles. 
 
Flexion 
Angle 
Present 
Study 
Morrey et al 
n = 6 
Floris et al  
n = 18 
Tanaka et al  
n = 5 
Eygendaal et al 
n = 8 
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[deg] n = 12 
3-8 Nm load 
[deg] 
weight of arm 
[deg] 
weight of arm 
[deg] 
weight of arm 
[deg] 
0.75 Nm load 
[deg] 
10   5.1 8.2 4.0 25.0 
20   5.0 8.1 3.8 26.5 
30 33.7 4.5 9.3 3.5 27.0 
40   4.2 10.2 3.4 26.0 
50   3.8 11.2 3.2 25.0 
60 13.9 3.3 12.0 3 24.5 
70   3.0 12.8 2.8 23.0 
80   2.5 12.7 2.4 22.5 
90 6.0 2.3 12.1 2.1 21.4 
100   1.8 11.1 1.9 20.0 
110 5.1 1.8 10.0 1.6 16.2 
120   1.5 8.0 1.5 15.0 
130   1.8 7.0 1.2 14.0 
140     4.3     
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A: 
B: C: 
D: E: 
 
Figure 65:  Effect of flexion angle on valgus ROM for individual studies:  (A) Present research study  
(B) Morrey et al  (C) Floris et al  (D) Tanaka et al  (E) Eygendaal et al 
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 The kinematic coupling ratio between forearm rotation to valgus displacement 
decreased with increasing flexion angle (table 7 and figure 34).  Since the coupling effect is 
greater at lower flexion angles, side arm pitching may require more muscle -activity to 
stabilize the arm compared to overhead pitches.  
 No known studies quantified the relationship between valgus rotation and forearm 
rotation.  Pomianowski et al[15] showed that position of the forearm in supination-pronation 
has an effect on valgus ROM of the elbow; however, did not establish the degree to which 
valgus rotation effects forearm rotation.   
 
4.2.3 Ligament Elongation 
 The initial lengths of the anterior, intermediate, and posterior bands increase with 
increasing flexion angle (figure 35).  At 30º flexion the anterior and posterior bands are the 
longest and shortest, respectively, while at 110º flexion the reverse is seen as the posterior 
band becomes the longest and the anterior band becomes the shortest (figure 35).  In addition, 
from 30º to 90º flexion the anterior, intermediate, and posterior bands experience a 14.6%, 
30.4%, and 68.0% increase in length (table 8).  Both of these results are consistent with the 
notion that the anterior band is taut at smaller flexion angles and the posterior band is taut at 
larger flexion angles[10] while the intermediate band remains taut throughout elbow flexion[6].  
These results also show that the UCL is not truly isometric, consistent with earlier findings.[5].   
The ligamentous percent elongation of the anterior, intermediate, and posterior bands 
when subjected to a valgus moment decreases with increasing flexion angle (figure 36). At 
30º flexion, the anterior band elongates the least while at 110º flexion the posterior band 
elongates the least (table 9).  This further substantiates the notion that the anterior and 
posterior bands are taut in extension and flexion, respectively, resulting in smaller amount of 
ligamentous percent elongation. 
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A study done by Morrey & An[9] looking at the initial length of the UCL found the 
anterior and posterior band lengths to increase with increasing flexion angle.  A subsequent 
study by Ochi et al[14], which also included an intermediate band, found only the posterior 
band to increase in length with increasing flexion angle.  Clear similarities can be seen 
between the present study and Morrey & An’s study; however, both these studies contradict 
the findings of Ochi et al (table 42 and figure 60-a, b, & c).  A possible reason for these 
discrepancies may be due to the subjective selection of the origin/insertion sites in the 
calculation of the band lengths.  The present study band lengths are 30-50% larger than those 
reported by Ochi et al.  Morrey & An reported normalized band lengths and can not be 
compared. 
Two separate studies done by Pribyl et al[34] and Andrews et al[1] calculated the 
percent strain of the anterior bundle of the UCL.  Both studies found the percent strain—
calculated the same way as percent elongation—to increase with increasing flexion angle 
(table 43 and figure 61-a, b & c).  The present study’s results contradict the findings of the 
previous two studies.  The techniques used by the previous studies are both consisted of 
connecting a differential variable reluctance transducer (DVRT) to the anterior bundle of the 
UCL at 30º flexion.  The inconsistencies between the present and previous studies may be 
attributed to the different techniques used to measure ligamentous elongation. 
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Table 42:  Comparison of present and past research studies findings of the UCL initial length at 
various flexion angles. 
 
Flexion 
Angle 
[deg] 
Present Study 
n = 12 
[mm] 
Ochi et al  
n = 10 
[mm] 
Morrey & An 
n = 10 
[normalized] 
 Anterior 
Band 
Intermediate 
Band 
Posterior 
Band 
Anterior 
Band 
Intermediate 
Band 
Posterior 
Band 
Anterior 
Band 
Posterior 
Band 
0 
       18.2 14.5 11.4 1.00 1.00 
20 
            1.13 0.90 
30 
24.7 22.4 17.8 16.6 13.6 11.7     
40 
            1.13 0.80 
60 
26.0 25.1 22.5 14.9 13.2 12.8 1.38 1.25 
80 
            1.40 1.50 
90 
28.3 29.1 28.5 13.3 12.7 13.8     
100 
            1.38 1.75 
110 
27.3 29.2 29.9           
120 
      12.0 12.5 14.7 1.37 2.00 
140 
             1.36 2.40 
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A:  
B: 
 
C:  
 
Figure 67:  Effect of flexion angle on UCL percent elongation as a 
function of flexion angle for individual studies:  (A) Present research 
study  (B) Pribyl et al (C) Andrews et al. 
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Table 43:  Comparison of present and past research studies findings of UCL percent elongation when 
subjected to a load at various flexion angles. 
 
Flexion 
Angle 
[deg] 
Present Study 
n = 12 
3-8 Nm load 
[% Elongation] 
Pribyl et al 
n = 5 
46.5 N load 
[% Elongation] 
Andrews et al 
n = 5 
26.35 N load 
[% Elongation] 
 Anterior 
Band 
Intermediate 
Band 
Posterior 
Band 
 
Anterior Bundle 
 
Anterior Bundle 
20       0.0   
30 12.8 14.2 14.5 1.5   
40       2.5   
50       4.0 3.5 
60 11.4 12.5 12.9 7.0 5.2 
70       10.0 5.7 
80       15.0 6.4 
90 7.1 7.4 7.2 18.0 6.8 
100       22.5 6.6 
110 6.7 5.9 5.4 25.0   
120       27.5   
130       30.0   
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Figure 67:  Effect of flexion angle on UCL percent elongation as a function 
of flexion angle for individual studies:  (A) Present research study  (B) 
Pribyl et al (C) Andrews et al. 
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4.2.4 Ultimate Moment 
The valgus load required to completely disrupt the UCL was 16.1±7.3 Nm (table 11).  
The results show that the method of disruption is more likely to be a result of ulnar avulsion 
rather than mid-substance tear or humeral avulsion (figure 39).  The valgus ROM at instant of 
failure was 47.8±7.9º (table 12) and is a 372.0% increase when compared to the valgus ROM 
at 90º flexion.  The percent elongation at instant of failure of the anterior, intermediate, and 
posterior bands was 23.6±11.6%, 24.9±12.8%, and 25.2±13.7%, respectively (table 13 and 
figure 40-a & b) and corresponds to 232%, 236%, and 250% respective increases when 
compared to ligament elongation at 90º flexion.  These results confirm that musculature is a 
major active stabilizer during the elite pitch, which has been shown to subject the UCL to 
loads as high as 120 Nm.[40] 
 Three known studies[45, 47, 50] have previously determined the valgus load required to 
disrupt the intact UCL.  The present study and ElAttrache et al positioned the elbow at 80º 
and 70º flexion, respectively, while Hechtman et al and Klepps et al positioned the elbow at 
30º flexion.  No consistencies are seen between the studies applying the ultimate load at 30º 
flexion and the studies applying the load at 70º-80º flexion (table 44).  In the aggregate, 
however, there is general similarity among the load to failure values, with the standard 
deviations overlapping.   
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Table 44:  Comparison of present and past research studies findings of moment required to disrupt the 
intact UCL. 
 
Research 
Study 
Number of 
Specimens 
Moment to Failure 
average (stdev) 
Flexion angle 
of Elbow 
Percentage 
of  
avlusions 
Percentage 
of mid-
substance 
failures 
Present Study 12 16.1  (7.3) 80 0.67 0.33 
ElAttrache et 
al 
10 34.0 70 0.20 0.80 
Hechtman et al 34 22.7  (9.0) 30 0.68 0.32 
Klepps et al 33 12.8 30 0.60 0.40 
 
 
 
A: 
B: 
 
Figure 68:  (A) Bar graph representation of valgus moment required to 
disrupt intact UCL for various research studies and the (B) Rate of 
occurrence of UCL disruption. 
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4.3 Comparison of Surgical Reconstructions  
 
 
 
4.3.1 Valgus Stability 
 The valgus flexibility of the Docking reconstruction is more flexible then the native 
UCL at 30º, 60º, and 90º flexion; however, at 110º flexion the reconstruction becomes more 
stiff (table 32 and figure 59a).  The valgus ROM of the Docking reconstruction is less for all 
flexion angles compared to the native UCL (table 33 and figure 59b). 
 The Jobe reconstruction has higher valgus flexibility than the native UCL for all 
tested flexion angles (table 33 and figure 59a).  The valgus ROM is less at 30º and 60º flexion 
than the native UCL and became larger at 90º and 110º flexion (table 33 and figure 59b). 
 Both reconstructions are able to recreate the decrease in passive valgus flexibility and 
valgus ROM with increasing flexion angle as seen in the native UCL.  At 30º and 60º flexion, 
the reconstructions are 30% to 80% more flexible, providing less stabilization; at 90º flexion, 
however, the reconstructions are only 1% to 20% more flexible.  Neither the Jobe nor the 
Docking reconstructions have shown to provide more stability than the other.   
 
4.3.2 Kinematic Coupling 
The kinematic coupling ratios for both the Docking and Jobe reconstructions are 
greater than coupling ratios of the native UCL for all flexion angles (table 34 & figure 60).  
The Jobe reconstruction coupling ratio was similar to the native UCL coupling ratio, whereas 
the Docking reconstruction was not (figure 60).  Both reconstructions re-created the 
decreasing in coupling ratio as the elbow was flexed, as seen in the native UCL. 
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4.3.3 Tendon Graft Elongation 
The anterior, intermediate, and posterior initial lengths of the Docking and Jobe 
reconstructions are 0 to 20% less than the initials lengths of the native UCL throughout 
flexion (table 35).  The reconstructions are able to recreate the increase in intermediate and 
posterior band length with increasing flexion angle as seen in the native UCL; however, 
unlike the native UCL the anterior portion of the reconstructions do not increase with 
increasing flexion angle (figure 61-a1, a2, and a3).  Neither the Jobe nor the Docking 
reconstructions initial lengths at varying flexion angles are more similar than the other to the 
native UCL. 
 The percent elongation of the anterior, intermediate, and posterior bands of both the 
Docking and Jobe reconstructions decrease with increasing flexion angle as seen in the native 
UCL (table 36).  With the exception of 30º flexion, both reconstructions display similar 
percent elongation to the native UCL, with percent difference ranging from 0-25% (figure 61-
b1, b2, and b3).  The Docking reconstruction percent elongation at 30º flexion is 45% larger 
than the native UCL, whereas the Jobe reconstruction is 11% larger.  Both reconstructions are 
able to reproduce the percent elongation decrease with increasing flexion angle as seen in the 
native UCL; however, at 30º flexion, the Docking reconstruction does not adequately 
reproduce the percent elongation of the native UCL. 
 
4.3.4 Ultimate Moment 
The valgus moment to failure of the Docking and Jobe reconstructions is lower then 
native UCL by 36.1% and 32.2%, respectively (table 37 and figure 62-a, b, and c).  The 
reconstructions are comparable in strength and do not restore the native strength of the UCL. 
The Docking and Jobe reconstructions valgus ROM at instant of failure are 
comparable to the valgus ROM of the native UCL, increasing by 4.8% and 3.4%, respectively 
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(table 38 and figure 63-a, b, c).  Percent elongations at instant of failure for the Docking and 
Jobe reconstructions are higher than the native UCL by a 15% to 43% increase (table 39 and 
figure 64-a, b, c).  The Docking reconstruction elongation at failure is more comparable to the 
elongation at failure seen in the native UCL than the Jobe reconstruction. 
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CHATPER 5:  SUMMARY 
 
 
 
5.1 Intact Ulnar Collateral Ligament 
The UCL of the elbow is the primary passive stabilizer to a valgus load.  To gain 
further insight on this ligament, this study evaluated the stabilizing function of the UCL by 
subjecting the elbow to a valgus-varus moment at varying degrees of flexion.  As a result, the 
flexibility, kinematic coupling, ligament length, and ligament percent elongation were 
calculated as a function of elbow flexion angle.  In addition, the valgus moment required to 
completely disrupt the UCL was calculated.  
 Valgus flexibility and valgus ROM of the UCL have been shown to decrease with 
increasing flexion angle with the majority of the change occurring between 30º and 60º 
flexion.  This suggests that tendon reconstructions should be tightened or fastened at 30º 
flexion rather than 90º flexion in order to avoid tendon stretching or failure.   
Kinematic coupling between forearm rotation and valgus displacement decreases 
with increasing flexion angle, suggesting that side arm pitching requires more muscle activity 
to stabilize the arm than overhead pitching.   
The initial lengths of the anterior, intermediate, and posterior bands increase with 
increasing flexion angle.  The results have shown the anterior band to increase the least while 
the posterior band increases the most from 30º to 90º flexion.  This confirms the belief that 
the anterior band is taut in extension and the posterior band is taut in flexion while the 
intermediate band is taut throughout the entire range of flexion.  Furthermore, these results 
suggest that the UCL is not truly isometric.  The percent elongation of the anterior, 
intermediate, and posterior bands when subjected to a valgus moment decreases with 
increasing flexion angle in which the anterior band posterior bands elongate the least at 30º 
and 110º flexion, respectively. 
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The valgus load required to completely fail the UCL was 16.1±7.3 Nm with ulnar 
avulsions as the most common method of disruption.  Since the pitching motion can produce 
loads up to 120 Nm, these results confirm that musculature is a major stabilizer during the 
elite pitch.   The valgus ROM at instant of failure was 47.8±7.9º, a 372.0% increase than the 
valgus ROM calculated at 90º flexion.  The percent elongation at instant of failure of the 
anterior, intermediate, and posterior bands was 23.6±11.6%, 24.9±12.8%, and 25.2±13.7%, 
respectively, a 230% to 250% increase than the percent elongation calculated at 90º flexion. 
 
5.2 Reconstructive Surgeries  
 The Docking and Jobe techniques are the two most common surgical procedures for 
reconstructing the elbow following UCL injury.  This study evaluated the stabilizing function 
of these procedures relative to the stabilizing function of the intact UCL.  Specifically, the 
flexibility, kinematic coupling, ligament/tendon graft length, and ligament/tendon graft 
percent elongation were determined as a function of elbow flexion angle for both 
reconstructions and the native UCL and subsequently compared.  In addition, the valgus 
moment required to completely disrupt the native UCL and tendon reconstructions were 
compared. 
 Both reconstructions were able to recreate the decrease in flexibility with increasing 
flexion angle as seen in the native UCL.  The flexibility for both reconstructions was higher 
than the native UCL at 30º and 60º flexion; however, at 90º flexion, the flexibilities were 
comparable to the native UCL. 
 Kinematic coupling was found to be higher in both reconstructions when compared 
to the native UCL.  The Jobe reconstruction was able to recreate the decreasing in coupling 
with increasing flexion angle that is seen in the native UCL, whereas the Docking 
reconstruction did not. 
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 The anterior, intermediate, and posterior initial tendon grafts lengths of the Docking 
and Jobe reconstructions decreased with increasing flexion angle, as seen with the native 
UCL.  Neither the Jobe nor the Docking technique displayed more comparable results to the 
native UCL than the other one. 
 The percent elongation of the anterior, intermediate, and posterior tend grafts of both 
the Docking and Jobe reconstructions decreased with increasing flexion angle as seen in the 
native UCL.  The percent elongations of both reconstructions were comparable to the native 
UCL with the exception of the Docking technique at 30º flexion that was 45% larger. 
The reconstructions were comparable in valgus moment to failure and do not restore 
the native strength of the UCL.  The valgus ROM and percent elongation at instant of failure 
were both comparable to the native UCL for both reconstructions. 
Both reconstructions recreate the biomechanics of the native intact UCL which may 
be the reason for the clinical success of the techniques.  When comparing all the 
biomechanical parameters tested, neither technique is superior to the other.  
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CHAPTER 6: RECOMMENDATIONS FOR FUTURE WORK 
  
 This research study was completed with no major complications.  The elbow 
flexibility tester and kinematic tracking system both operated with ease throughout the 
duration of the testing.  Subsequent data analysis, though time consuming, produced 
consistent and reliable results for an in vitro study.  As such, this section focuses on 
suggestions of new studies rather than on improvements in the experimental testing 
equipment or methods.  
The mechanical design of the elbow flexibility tester gave insight to many key 
biomechanical parameters.  Furthermore, it allowed for a clear and precise comparison 
between two reconstructive procedures abilities in restoring native UCL stability.  A similar 
device could be designed to test some of the same biomechanical parameters in vivo, such as 
a patient’s flexion/extension ROM and valgus flexibility at different flexion angles.  Patient 
apprehension is likely and could be easily alleviated by safety validation testing.  In addition, 
the results of this  study have shown that the applied load during a flexibility test is less than 
1/4 of the load required to disrupt the UCL.  The construction of an in vivo elbow flexibility 
tester could be used to facilitate the following studies: 
· The effectiveness of tendon reconstructions in restoring the UCL function—an in 
vivo study 
· The effects of professional pitching on elbow stability. 
· The effects of osteoarthritis on elbow stability and flexion/extension ROM. 
· The effectiveness of total elbow replacements (TER) on patient elbow stability and 
flexion/extension ROM. 
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Appendix A:  Filter Program 
 
 
inputfile=input('Enter the file name you wish to filter:  ','s'); 
outputfile=input('Enter the filename into which you wish to export this file :  ','s') 
 
A = wk1read(inputfile); 
 
col1 = A(:,1); 
col2 = A(:,2); 
 
 
[col1,col2]=butter(5,.05); 
B = filtfilt(col1,col2,A); 
 
%B = [col1,col2] 
 
wk1write(outputfile,B); 
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